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CONTROL OF THE ENERGY DISTRIBUTION AND SAFETY OF A VVER-1000
REACTOR WHEN OPERATING IN THE VARTABLE MODE

E. V. Filipchuk, V. A. Voznesenskii, : i UDC 621.039.512:621.039.515
V. G. Dunaev, I. A. Luk'yanets, V. I, Mitin,.
P. T. Potapenko, and E. S§. Timokhin

Increases in the dimensions and power of reactors demand a qualitatively new approach
to the nuclear reactor as a subject for control with distributed. parameters [l}. The present
article investigates one approach to the control of energy distribution as applied to the
type VVER-1000 reactor [2], based on present-day control theory. Model results indicate that

_the proposed control algorithm is effective for base-load operations and for conditions of
variable load. The need to vary the power of a nuclear power station can arise from faults
in various systems or plant (fault conditions) or through operation of the stationm under
variable load conditions (variable mode). The power of a reactor can be varled by altering
the settlng of the control rods and by operating a boron regulating system.

The cqntrol strategy for varying the power under steady-state conditions is based on the
maintenance of a given form of energy distribution within permissible limits, enabling the .~
minimum-possible safety factor in thermal loading to be employed. The algorithm for control-
ling the energy distribution is calculated by computer. This has to take account of the oc-
currence of xenon oscillations in the neutron field, variations in the reactivity factor in
the process of burnup, and the proximity of the principal engineering parameters of the reac-
tor to their maxima. -

It is desirable for the operator to apply the best possible sequence of control param-
eters when controlling the energy distribution, by acting upon the control rods and boron
regulating system.

Control System. The computerized control system of the VVER-1000 is a data measurement
and processing complex with a system for monitoring conditions within the reactor, an operator,
means for affecting the reactivity (the control rods and boron regulating system) and the re-
actor itself. This latter represents a control object with distributed parameters.

The system for monitoring conditions inside the reactor as a primary source of infor-
mation has water-temperature detectors at the outlet of the coolant system. Each probe has
several rhodium.B-emission detectors equispaced in height. A proportion of such probes are
uniformly distributed throughout the core, the remainder being sited in the coolant system,
conforming to various degrees of symmetry. The sensitive part of these B detectors is made
of rhodium. The reactor monitoring system includes apparatus for selecting, preprocessing
and transmitting the detector signals to the computer centre, together with the specialized
mathematical software needed for processing the detector signals and-presenting the necessary
data to the operator's VDU.

The purpose of system monitoring is to provide the operator with full and accurate data
on the neutron and thermohydraulic processes taking place in the core. Specifically, this
concerns the energy distribution throughout the wvolume of the core, the margin in relation
to heat-exchange crisis and other parameters registering the position of the regulator.

The density of neutron flux at the points at which the B-emission detectorsare cited is
determined by multiplying the detector currents by the appropriate coefficients. The matrix
of coefficients is stored in the memories at the computer centre. These coefficients are
then amended as necessary during burnup. The energy distribution is determined as a linear
combination of a known set of reference functions. The amplitudes (coefficients of linear
combination) are calculated from the measured densities of neutron flux. By using six refer-
ence functions, we are able to reduce the mean-square methodical error in calculating the
energy distribution to <1%.

Translated from Atomnaya éﬁergiya, Vol. 56, No. 2, pp. 67-71, February, 1984. Original
article submitted May 20, 1983,
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When a computer and a system of reactor-core monitoring are used together, the operator
is able to monitor the reactor under normal conditions of operation and prevent the onset
of disturbances connected with nuclear-safety situations.

Investigations carried out on the VVER-1000 have shown that the means for affecting the
reactivity (the control rods and boron regulation system) are adequate for effective control
of energy distribution [3]. When running on load, practically the whole of the control rods,
with the exception of those concerned with automatic regulation of power, is entirely devoted
to preventing distorsions in energy distribution. The boron regulating system of the reactor
compensates not only for the burnup of the fuel, but also for the poisoning of the fuel ele-
ments.

A mathematical model [4] has been used in the development and study of various approaches
and algorithms concerned with the problem of control. This contains two-group diffusion
equations for calculating the distribution of neutron-flux density and equations for mass
and energy balance in the primary coolant circuit. The model takes account of the main
feedback loops in the core of the reactor and the burnup of fuel, enabling the axial and
radial-azimuthal distributions of energy to be found, together with the concentrations of

-Xenon and iodine in the core. Various approximations and recurrence formulas are used to

reduce the time involved in the calculation. The necessary coefficients are predetermined
and recalculated as need be during the burnup, on the basis of core measurements.

Instabilities in the axial distribution of power can arise in the core of a VVER-1000
under certain conditions, namely xenon oscillations with a period of 21-24 h. Oscillatioms
of the axial distribution of power can be accompanied by damping of the radial-azimuthal os-
cillations. The greatest distortion in the energy distribution arises under transient con-
ditions of operation with moderate reductions in load (up to 40-50%) and is followed (after
some hours) by the recovery of rated values.

The effectiveness of using a computer in raising the operational safety of reactor plant
rests upon the introduction into the program of a model of the reactor. The presence of such
a model in the package of programs enables a series of important variable states of the re-
actor that have not been measured to be calculated, and varations of state to be forecast for all
disturbances of the rated conditions of the unit during the control of the reactor.

. _Control Algorithm. The aim of control is to maintain the energy distribution in the
core under steady-state and non-steady-state conditions with minimum—-possible error. The
distribution should be maintained close to the specified value, taking engineering limita-
tions into consideration.

The main contributions to deviations in the neutron field are the fundamental and first
harmonic. The fundamental is determined by the specific optimum distribution and is monitored
by the automatic power regulation. The first harmonic introduces power unbalances between
the upper and lower halves of the core. By taking these into account, we are able to formu-
late a control target which can achieve an effective suppression of the fundamental and
first harmonic. The advisability of such an approach is based on the use of two means of
acting on the reactor: the regulator and the boron regulating system. The amplitudes
of the harmonics being regulated are measured with the aid of the computer center. The
mathematical formula for the control problem consists as follows. A vector of state S is
formed, consisting of the deviation in the neutron flux density distribution and the devia-
tions in the concentrations of xenon and iodine from standard at specific moments in time.
Control of the final state consists in finding the sequence of control actions that will
convert the dynamic state of the system from the initial state S(0) into zero state S(N) in
a definite (minimum) number N of operations, while complying with .the following engineering
limitations.

The specified linear power of the fuel elements.

The maximum rate of change of the axial first harmonic, set by requirements related to
the engineering reliability of the core.

The limiting magnitude and speed of the control action, connected with the limited re-
activity introduced by the control rods and withthe final speed of introduction of boric
acid and its dilution in the coolant.

The need to maintain a given total reactor power.
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Fig., 1. Control of power and axial distributions of energy ddring power variations
at a rate of 17 per minute.

Fig. 2. Transients in control of axial distribution of energy (---) and the re-
sults achieved by control (—).

When selecting a criterion of quality in the form of the quadratic target fuﬁctidn J =
ST(N)S(N), the initial problem reduces to one of quadratic programming, the numerical solu-
tion to which has been well developed {5].

We shall give the most characteristic examples of the solutions to these problems.

1. Varying the Power at a Rate of 17 per Minute with Large Margins in Reactivity Com—
pensated by the Boron Regulation System. This condition is characteristic of the start
of burnup. ' .

In this case, we can use the boron regulating system to maintain a given rate of change
of power. Under these circumstances, the automatic- power regulator corrects the vertical
energy distribution. Stabilization of the first axial harmonic practically excludes any
possibility of xenon oscillations arising.

Figure 1 giVes the results obtained by modeling a control algorithm for power P and
axial distribution of enmergy-with cyclic variations in load. During regulation, the power

.developed by the reactor is browght down from 100 to 50% at a rate of 1% per minute by means

of the boron regulating system. The automatic power regulator is used to control the axial-
energy distribution. The deviation in first axial harmonic amplitude A is maintained within
the limits +5% of rated.

2. The Variable-Load Mode at a Speed Exceeding the Dynamic Capability of the Boron
Regulating System (up to 5% per minute). In this case, it is necessary to use both the
control rods and boron.regulating system. Reference [6] proposes ensuring minimum distor~
tion of the vertical distribution of energy by combining the control rods into lighter
(in reactivity) groups, fully inserted (or extracted, as the case may be) during changes

. in power. However, such a strategy would lead to cgnsiderable distortions in the radial-

azimuthal energy distribution in the case of the VVER-1000, with its relatively "heavy' con-
trol rods., '
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The proposed algorithm permits a distortion of the vertical distribution at reduced -
power, due to a considerable displacement of the automatic power regulator groups and, if
necessary, additional groups of control rods. The control strategy for reducing power is
aimed at excluding xenon oscillations after the departure from rated power. :

The results of modeling the daily load cycle at a rate of power change of 5% per min-
ute are shown in Fig. 2. Durifig the simulation, the reactive power was reduced to 70% of rated
over a period of 6 min and after a hold of 5 h the load was returned to rated power level
at the same speed. The boron regulating system and the group of control rods linked to the
automatic power regulator were used to control the reactor. The results show that the re-
quired state was achieved immediately after the return to full power, due to the predeter-
mined actions of the control system. : ’
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3. Unplanned Rapid Losses of Power, due Either to Changes in Power-System Demand or
as a Result of the Operation of Fault Protection.. In this case, the random nature of the
‘disturbances necessitates taking purposeful action on energy distribution from the instant
rated power is lost. It is natural that xenon oscillations can arise in such a situation,
and these have to be effectively suppressed.

Figure 3 illustrates the results obtained by simulating the suppression of axial xenon
oscillations arising from a rapid reduction in power by 10% of rated and its increase again
to rated after a hold of 4 h. Immediately after the rise in power, a program is initiated
for calculating the best strategy, as far as speed is concerned, for suppressing the xenon
oscillations. Figure 3 represents the control law obtained and also the transients for the
main variable states of the reactor and the processes within the reactor in the absence of
control.

The stabilization of vertical energy distribution is important, but it is not the only
problem facing the operator in controlling the distribution of energy in a VVER-1000. Al-
though the regulations have to exclude radial-azimuthal distortions in energy distribution,
these are always incipient, due to various irregular situations, such as the loss of rated
conditions in one or more circulating loops.

The high stability of the radial-azimuthal distribution of water-cooled reactors, the
low levels of disturbance of this distribution during operation, and the rapidly-attenuat-
ing nature of the radial-azimuthal xenon oscillation enables the control of this distribu-
tion to be formulated as a steady-state problem of finding the closest approximation of the
energy distribution to a specified . profile, taking the necessary limitations into account.
The engineering limitations must take into consideration the standard limitations on the
range of control actions, the maintenance of a preset total reactor power, and the contin-
uous limitation of the neutron flux densities in all the fuel elements.

Besides these limitations, we have to ensure that the power levels in the halves of the
reactor core are the same, to prevent exciting a first azimuthal harmonic, which is more
unstable than the radial-azimuthal xenon oscillations. Satisfaction of this condition en-
sures identical temperatures when operating the various circulation loops of the reactor.

The control rods and boron regulating system can also be used for controlling the
radial-azimuthal energy distribution in a VVER-1000. However, the displacement of the
control rods that takes place during the control of the radial field distorts the vertical
distribution. To avoid this distortion when controlling the radial distribution, we also
‘have to take account of the need to maintain the amplitude of the first axial harmonic
within preset limits. This reduces to the canonical problem of quadratic programming, which
can be solved by the same computer procedures as were used to solve the control of vertical
energy distribution.

The results of simulating the control algorithm for radial energy distribution in a
VVER-1000 is indicated in Fig. 4. Achange of 10% of rated in the flow of coolant through
one of the circulation loops of the primary coolant circuit is taken as the initial distur-
bance. The variation in radiant energy distributiondue to this disturbance is plotted in
Fig. 4a. The lines on the diagram connect the fuel rods with the same power deviations
from standard. The circles signify the positions of the control rods belonging to the auto-
matic power regulator group. The radial power field obtained by compensating for the dis-—
turbance in the coolant flow is given in Fig. 4b. The boron regulating system and the con-
trol rods of a specially chosen group act as control devices.

Conclusions. The main operations in the proposed algorithm for controlling the dis-—
tribution of energy under variable-load conditions are carried out at a reduced power level.
When the power falls, all the control rods are found in the rated position. We show that
the main problems in controlling the energy distribution can be solved within the framework
of a single computer procedure based on the quadratic programming method. When the proposed
algorithm is set up in the computer, together with a realization of the optimum control ac-
tions, found from a digital model, we can expect to achieve an increase in efficiency in the
work of the operating staff, and as a result, an increased level of safety in the operation
of nuclear power statiomns.
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MULTICHANNEL CORRELATION SYSTEM FOR MEASUREMENT QF THE
COOLANT FLOW RATE FOR HIGH-POWERED WATER-COOLED
CHANNEL REACTORS (RBMK)

V. M. Selivanov, B. V. Lysikov,

N. P. Karlov, B. A. Kuznetsov,

A. D. Martynov, V. V. Prostyakov,*

D. Pallagi, Sh. Khorani, T. Khargitai,
and Sh. Tezhert v

Investigations of the physical nature of the thermal noise of a coolant and study of
the application of the correlation method to measurement of the flow velocity of a liquid
[1] have shown the possibility of creating a system for measurement of the flow rate in the .
fuel channels (FC) of an RBMK reactor in which correlation of the random signals of thermo-
electric transducers (TET) is used. The basic requirements for such a system have been
formulated in bench and reactor tests of models of a thermometric correlation flow meter
[2, 33.

Taking account of the structural characteristics of RBMK, the channel-by-channel
accumulation of statistical data with subsequent analysis of it by a single microprocessor
seems the most advisable. This approach reduces the cost of the equipment and makes it
possible to divide the analog I and digital II parts of the system (Fig. 1) into two separate
units, which facilitates maintenance and makes the system more flexible.

The TET signals, which are amplified and filtered by the amplifier 1 with a transmission
band of 0.5-8 Hz, enter the input of the system. It has been established in measuring the
intensity of the thermal noise of the coolant in different FC of a reactor that the minimum
mean square value of the input signal is 0.1 uV. The low level of the signal places high
requirements both on the noise protection circuit and on the degree of intrinsic noise of
the amplifiers, which has made it necessary to create a specialized amplifier with intrinsic
noise 0.05 uV.

Structurally, the amplifier 1 consists of a preamplifier, the amplifier itself, and an
active filter.. The preamplifier is built. around Type KT 3102, KT 3107, and KT 325 low-
noise high-frequency transistors. Four Type K284UD1A and K553UD1A microcircuits are used
in the amplifier itself and the active filter. The gain coefficient can be varied within
the limits of (0.5-16) x 10° and is set so that the standard deviation of the output signal
of the amplifier 1, which is monitored by the comparison circuit 2, was no less than Al VY,

A comparator 3, which along with the amplifier and the comparison circuilt comprises
the information channel, is used to convert the analog signal to a digital one. The analog
unit of the multichannel system consists of 16 measuring channels. The output signals of

*USSR.
tHungarian People's Republic.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 71-74, February, 1984. Original
article submitted June 3, 1983.
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Fig. 1. Structural diagram of the cor-
relation system.

- the analog unit enter the commutator 6 and then the programmable input—output circuit 5.

The digital unit and the computation unit are controlled by a Z-80 microprocessor — position
4. The results obtained and the constants are stored in an operatoral memory 7 with a capa-
city of seven kilobytes. The calculated values of the velocity and flow rate through the
interface system 10 are presented on the display 11 and the teletype 12,

Information which permits performing diagnostics of the system operation can be pre-

sented on the plotter 13 and the display or teletype. The necessary information is pro-.
vided upon request of the operator by means of a keyboard 9, with whose help one can also
start or stop the measurement and calculation process and introduce or change the constants.
The programming for the system is written in the constant memory 8 with a capacity of eight
kilobytes. It contains the following programs: the monitor program, a program for the
measurements and data collection, a program for calculation of the velocity and flow rate
of the coolant, and a program for presentation of the results [4].

One can write the standard algorithm for calculation of the cross-correlation function
(CCF) by the digital method in the form
. o N-1 :
Ray(iAD) = 3 a(nAt—iAT) b(nAY)
- n=0 ) (l)
for N>>lv

where At is the quantization step, i is the step number, and N is the sampling duration.

The application of this algorithm in multichannel information processing is complicated
even in the case of one-bit quantization due to insufficient response speed of the micro-
processors. Therefore a special method is used in the correlation measurement system in
which the signal interrogation peried b(t) is the same as in the standard algorithm but the
signal a(t) is interrogated more rarely; the ratio of the periods S is a whole number [5].
For one-bit quantization and the special interrogation method Eq. (1) will take the form

S(N-1) ' , .
Rap(bv)= 3, {5 s (a(rdv—iA7)] sg [b(nAT)]—}»—;—} for N>1,, .

n=0

where — J_ < i s;4l+(I;Ar is the maximum negative time shift, and I4+At is the maximum positive’
time shift), N is the duration of sampling of the signal a(t), n=kS, and k=10, 1, 2, ...,
N — 1. 1In accordance with the Kotel'nikov theorem, the inequality

SAt < 1/2fmux’ )

where fmax is the maximum frequency of the signal, should be observed when selecting S. The
maximum value of the function calculated according to Eq. (2) is equal to N (correlation co-
efficien; of unity), and the minimum value is equal to zero (correlation coefficient of —1).

The delay time is determined from the position of the maximum of the CCF. In order to
reduce the statistical error in the determination of the transport time, it is more advisable
to use not the coordinate of the maximum but the abscissa of the center of gravity of the
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Fig. 2. Appearance of the correlation function.

Fig. 3. Reaction of the system to a change in the flow rate (I-V — chan-
nels of the correlation system). )

figure bounded by the CCF and some arbitrary stfaight line parallel to the abscissa axis,
which is called the baseline level Fy (Fig. 2).

With the structural characteristics of the thermometric correlation flow meter for
RBMK taken into account, the values of the velocity v and the flow rate Q of coolant in the
FC are calculated from the following formulas:

Ko . KIQ
ey oA e

where K,y is the distance between the TET, Tm 1s the transport time, K, is a coéfficient i
which corrects for the difference between the time constants of the TET and the measuring
channels, and K,Q is the calibration coefficient of the flow meter.

The operation of the correlation measurement system begins with an inquiry of the con-
stants necessary for functioning of the program: the quantization step AT, the correlation
level p, the baselipme level Fy, the pertodicity of output to the teletype T, the coefficients
Kiys Ki1Q, and Ka, and the placings of vl—v16 or Q1-Qlé.

The choice of the quantization step depends on the flow velocity of the coolant and can
be specified in the 5-20 msec range. Since I = 112, the minimum velocity which it is pos-
sible to measure when AT = 5.0 msec and K;y = 0.2 m is 0.4 m/sec. When the quantization :
step is increased, the resolving power of the system decreases, and consequently the sta-
tistical error of velocity measurement increases. In addition averaging of no more than
eight values of successively calculated positions of maxima of the CCF (B =< 8) is carried
out to smooth the measurement results. The averaged velocity (flow rate) of the coolant:

where vi is the i-th value of the velocity (flow rate) and A is the number of calculated
positions of maxima of the CCF selected from B for calculation of the average velocity ac-
cording to the algorithm (A= B —2 if B> 2 and A= B 1f B = 2). The maximum and minimum
values are discarded in the calculation of the velocity (flow rate) in order to reduce the
effect of overshoots on the final result. ’

The correlation system.constantly controls the level of correlation between the signals
being analyzed and the velocity (flow rate) of the coolant.  If their values ‘are less than
the specified conmstants (p, vl-v1l6), the system signals to the operator.

After introduction of the constants the program monitors the input signals and the
functionining of the equipment. Conclusion of the test program and a transfer to the mea-
surement and data collection subprogram occurs in response to an interrupt from the cycle
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Fig. 4. Dependence of the
measurement error (e) and -
the intensity of the tem-
perature fluctuations (o)
on the flow velocity of

the coolant.

generator. The duration of the sampling from which the CCF is calculated is determined by the
_size of the operational memory n = 8 x-256. The velocity or flow rate of the coclant is de~
termined from the values obtained for the function with the help of the described algorithm.
Then the program transfers to the test subprogram and the cycle is repeated. It should be
noted that erasing of only one-half of the data occurs to increase the rate at which infor-
mation is obtained upon transfer to the new cycle. Thus the time required for obtaining the
CCF is T = (8 x 256)/2 At, where At is the quantization step. :

- In order to estimate the parameters of the correlation system for measurement of coolant
flow rate, which are important design characteristics, bench tests were run. TET with an
uninsulated working junction 1.5 mm in diameter were used as the primary transducers; the
distance between TET was 200 mm. The measurements were made at a coolant temperature of
200-270 C, a pressure of 8-9MPa, and a flow rate of 10-70 m®/h, which corresponds to a
velocity of 0.4-2.8 m/sec (Kiy = 0.2 m, and K;q = 5 m®*sec/h). The constants necessary
for operation of the system were not changed: At = 5 msec, A= 6, B = 8, and Fy = 95%.

Upon a change in the coolant flow rate the readings of the system varied in accordance
with the established values of the flow rate (Fig. 3), which were monitored by a regular
differential manometric flow meter. Since it is impossible to change instantaneously the
flow rate in a channel, the end of flow rate regulation (the start is shown by an arrow)
is taken as the origin of coordinates. The lag of the system for the minimum quantization
step and maximum sample obtained from the experimental data is 70 sec. With the minimum
sample (B = 2) the time to ascertain the readings is reduced by a factor of four. In addi-
tion the system permits monitoring the flow rate in one selected channel with an information
renewal interval of 10 sec.

The procedure for estimating the eystem error consisted of multiple recording of the: -
instrument readings with a constant coolant velocity. The test conditions were such that .
‘the degree of fluctuation of the temperature in the measuring section varied with the change
in the flow rate (Fig. 4). The correlation coefficient between the TET signals remained con-—
stant (v0.6), and the frequency spectrum of the signal was 0.5-3 Hz.

The fluctuations measured by this procedure are the sum of the oscillations of the flow
rate in the channel and the statistical scatter of the system. Due to the dependence.
of these components, the measurement error of the system eg = Ve’—e%, where ey is the mea-
sured deviation and e€f is the mean square oscillation of the flow rate in the channel. One
can take ef &~ 0 in order that there not be a significant effect on the final result; then the
measured mean square value can be interpreted as the measurement error of the system (see -
Fig. 4). The increase in the error for Q > 50 m®/h is explained by a number of factors as—
sociated with the construction of the primary transducer.

Thus, the described system permits measuring the flow rate with an error of approximately
<5% in the 10-45 m®/h range at a level of fluctuatlon of the coolant temperature in the mea-
surement section of ~0.003°C. :
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STABILITY OF NATURAL CIRCULATION IN A LOOP WITH
BOILING OF THE COOLANT

V. I. Budnikov and E. F. Sabaev » : UDC 621.039.56

Loops with natural circulation of a boiling coolant are widely used in power engineer—
ing. Strong underheating of the coolant at the entrance and a low mass flow steam content
are characteristic of loops with low pressure. It has been shown in [1] for such conditions
that instability of the circulation can arise in the loop for specified parameters of a
steady regime. In loops with moderate pressure in which heat removal is accomplished with
the help of a Field steam-generating tube the input underheating of the coolant is usually
small and the mass flow steam content is high. It has been established in experimental in-
vestigations of the evaporator of a nuclear power plant steam generator with a BN-350 [2] that
the steady regime of a Field steam-generating tube is stable. At the same time it has been
discovered in the experiments that for sufficiently large heat fluxes to the coolant there
exists a region of unstable operation of the evaporator.

The stability of natural circulation in a loop is investigated theoretically in this
paper within the framework of a unique mathematical model for two cases which are of inde-
pendent interest: 1) underheating of the coolant at the entrance is so small that boilimg
of the coolant starts at the entrance to the section being heated; and 2) underheating of
the coolant at the entrance is so great that boiling of the coolant occurs only at the exit
from the heating zone.

Mathematical Model. Let us consider a circulation loop consisting of a drop tube and
a 1ift section. The latter includes a zone with heat supply, an unheated traction section,
and a heat exchangér. A Field tube [2], of which a simplified example is illustrated in
Fig. 1, can serve as an example of such a loop. The underheating of water to saturation
temperature in the drop tube is usually close to zero in a Field tube. In this connection
one can assume in the construction of a mathematical model of a circulation loop that sat-
urated water is located in the drop. tube and the enthalpy of the coolant at the entrance to
the 1ift section is equal to the saturation enthalpy. Bearing in mind that the pressure in
a Field tube varies slowly, we shall assume the pressure in the circulation loop to be
constant. - It follows from this that one can assume the enthalpy of the water at the en-
trance to the lift section to be constant. Next we note that the heat flux from:the cool-
ant in the 1lift section to the water in the drop tube is significantly less than the heat
supply from the external source to the steamwater mixture in the lift section.

It is sufficient for investigation of the circulation stability to know the variation
in time of the coolant velocity at some point of the loop, for example, at the entrance to
the 1ift section. We shall take into account in the determination of this velocity that
the total pressure drop in a closed loop is equal to zero. In other words, we shall take
account of the fact that the pressure head of natural circulation, defined as the differ-

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 74-77, February, 1984. Original
article submitted April 21, 1983. .
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Fig. 1. Simplified scheme of the cir-
culation in a Field tube: 1) heated
zone; 2) underheated traction section
- 3) drop tube; 4) steam exit; and 5) in-
- put of supply water. :

-ence in weight of .the columns of water in the drop tube and the steamwater mixtute in the
lift sectionm, is_equal to the total pressure losses in the loop. In the general case the
latter are comprised of the pressure losses to acceleration (AP4cc) “and expansion (APeyp) of
the coolant and also the pressure losses by various kinds of hydraulic drag. However, one -
can neglect the values APgcc and APexp for the low velocity characteristic of natural cir-
culation of the coolant. In this connection the pressure losses in the drop tube can be
treated as pressure losses on an equivalent disk located at the entrance to the 1lift sec-
tion.. Thus the investigation of the stability of natural circulation in a closed loop of
the Field tube-type reduces to an analysis of the time-dependent equations which describe
the lift section. These equations can be written in the following form on the assumption
of quasihomogeneity of the two-phase flow: :

i di ‘ ’
g = - e
du 7] .
a =g (2)
%.c.?Aptot; . . ’ (3)

v i<i’;
VAT () IS, (4

Here i, u, and v are the enthalpy, velocity, and specific volume of the cealant, q is the
heat flux to the coolant, v' and v" are the gpecific volume of water and steam on the sat-.
uration line, r is the latent heat of vaporization, i' and i" are the enthalpy of water and
steam-on the saturation line, H, ., is the pressure head of the natural circulation, APtot
is the total pressure losses in the circulation loop, z is the longitudinal coordinate, and
t is the time. :

We shall investigate the stability on the assumption of smallness of the deviations
from a steady regime. With this aim we shall find a solution of the linearized Egqs. (1)-
(4), respectively, for a zone with coolant and the traction section, usimg the Laplace
transformation. Then we obtain from these solutions transfer functions on the basis of
which we shall derive the characteristic equation. We shall assess the stability of the
steady regime from the arrangement of the roots of the characteristic equation.

Derivation of the Characteristic Equation and Analysis of the Stability. First Case.
Proceeding as indicated above, we obtain the transfer functiom Wi (p) relating the variation
of the enthalpy of the coolant at the exit from the evaporator zone to the variation of the
coolant velocity at its entrance: ' '

_ Ai(hey) (v/w* [ 1—exp(—2ilnm)
i V') T TAuent Towjai) [ x ] . v )

: .75
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where

Ai(l’—'] i—’:)/q%, m - v¥ (hey)/v';

uent is the coolant velocity at the entrance to the evaporator zone, hgy is the height of the
evaporator zone, p is the parameter of the Laplace transformation, A is the deviation of a
variable from its steady value, and "*" is the symbol for a variable in the steady regime.

. For simplicity's sake we shall assume that the pressure head of natural circulation
developed in the vaporator zone is negligibly small in comparison with the pressure head
of the traction section. Then substituting the solution of Eq. (1) for the traction section
into the equation for determination of the pressure head of natural circulation, we obtain
the transfer function

AHp,c, e M—1) 1 —exp (—pt

Wa (p) = Ai(h[;:) T Tm(m D) [ z’t(.t.s.l = ]’ (6)
where M = v"/v' and 1 g, 1s the time for the coolant to pass through the traction section
in the steady regime. Bearing in mind the relationship (m — 1) = x(M — 1), one can conclude
on the basis of the expression (6) that for a sufficiently large mass flow steam content
(x) the pressure head of natural circulation is practically independent of a variation in the
entrance velocity or enthalpy in the evaporator zone. It is evident that in this case analysis
of the stability of natural circulation of the coolant can be reduced to an investigation of
the stability of forced circulation with a constant pressure differential on the 1ift section
of the circulation loop. After linearization and neglect of the pressure differential on the
evaporator zone one can write Eq. {3) in the form o :

h, 8.

; .
— « Auent ‘u*!2§ v Augs, Avy Auex »  Avey. .-
AHD.C. 2A ent ugm + S‘; §t. S. p:.s- (2 u,’{'s. - Utts.s ) dz: +2Apéx u;x _Apex ) ve"‘x o (7)

- where APepnt is the total pressure differential at the drop tube and the entrance to the lift
section, APt.s, and APex are the pressure differentials on the traction section and at its
exit, ug,s, and vg, g, are the velocity and specific volume of the coolant on the traction
secl:ion,zt.se is the hydrualic drag coefficient of the traction section, ugy and vex are the
velocity and specific volume of the coolant at the exit from the traction section, and ht,g,
is the height of the traction section.

With formula (5) and the golution of Eq. (1) for the traction section taken into ac=
count, one can write the expression for Avgy as follows:

, M—1
Avex =" —— W (p) exp (— PTy,s) Auep. _ (8)

We shall bear in mind that in the steady regime the velocity and specific volume of the
coolant in the traction section do not depend on the spatial coordinate. Then using the sol-
ution of the linearized Eq. (2), we find on the basis of Eq. (7) with the expression (8) taken
into account the transfer function to be ‘

B L e : AB* +AP%
0) = B MM, = {2 (P + 2t ) o
" ot .(M_Ii) . 1—exp(—pt - . : . . :
- ___ent - W, (p) [APtfs.. _——M)_Pﬁ.s. +APZ, exp (——p‘rt'».s)J} .
By multiplying the transfer functions (5), (6), and (9), we obtain the characteristic

equation (W,W.Ws = 1), the arrangement of whose roots determines the stability of the steady
regime:

n= _‘K(P)v - (10)
" where
e | APE FAPE
n?Z(A%n+-—mﬁ;_mL)'
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' (vfu)* r1—exp(—)\, In m) (M 1) AP +A +AP*
K ()= (Go7an) | _! [lD ]{( = =

+ARy, ) [Fmbloprs) J+ AP: exp(_pw},

Py,
One can write a sufficient stability condition for Eq. (10) as:

> (m—2)/@2m—1), | (11)

" where

M= APm/(A s AP )

It is not difficult to show that in the case in which water with the saturation enthalpy
enters the entrance to the 1ift section the.static hydraulic characterlstic of the loop does
‘not have a decreasing section. Consequently, aperiodic instability of the coolant flow rate
is eliminated in the loop. We note that for sufficiently large values of m the inequality
(11) coincides with the stability condition of a boiling channel with forced circulation for
the case of a steamrwater mixture at the channel exit and a constant heat flux to the coolant

[3].

The characteristic equation (10) was obtained by neglecting the pressure differential in
the evaporator zone {APey). However, the value of APg, in a Field tube can be comparable
to the pressure difference in thedrop section. 1In this connection we shall derive a charac-
teristic equation with-AP,y taken into account. Equation (10) contains both noninertial
terms caused by variation of the input velocity of the coolant and inertial ones caused by the
time lag in the. variation of the specific volume of the coolant upon a change in its input
velocity, The noninertial terms are combined in the expression (10) in the coefficient n,
and the inertial ones are combined in the transfer function K(p). We shall estimate the con-
tribution of the pressure differential in the evaporator zome to n and K{(p), respectively:

| With this aim we write the expression for APgy in the form

1
uZ
APey = S Eevyor dl, (12)

where 7 = z/hgy, Eev is the hydraulic drag coefficient of the evaporator section, and ugy
and v, are the velocity and specific volume of the coolant in the evaporator zone.

Next we taken into account that

Ugy = Usnel(t) + Ugpdm — 1) I; » | (13)
v-;v:v’ [14(m—1)1]. )

Then linearizing Eq. (12) with the expressions (13) and (4) taken into account, we
determine the contribution to the increase in the pressure differential in the evaporator
zone, respectively, from a change in the coolant velocity : »

2P (—ap) e

m+1 ] ugn (14)

| and from a change in therspecific volume of the coolant

i . . . ‘ * m—1 \ Auent
. ar, (251 _ as

We note that the expression (15) is obtained in the quasistatic approximation of the pro-
cesses in the evaporator zone, i.e., the relationship

l Auent

== (m—1
Avey ( ) went

was used. With the expression (14) taken into account, the coefficient n in Eq. (10) will
take the form
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APg + AP,

=2 (APg + —ET & 4 P apg). (16)

By making use of the expression (15), the transfer function K(p) in Eq. (10) can, .with the
pressure differential in the evaporator zone taken into account, be written in the form

—-1
where L(p) is some quasipolynomial for which the bound IL(p)I 1 for Re p >0 is valid.
By using the expressions (16) and (17), we obtain the characteristic equation in final

form
= — K, (p).
T 1(P) (18)
One can write the sufficient condition of stability for Eq. (18) as follpws:
APg> () (AP, + AP ) +(”“ ) (=) AP (19)

Substituting the parameters of the steady regime of the Field steam~-generating tube of

an installation with a BN-350, we find that the sufficient condition of stability is sat-
isfied with a reserve. The latter is in agreement with the results of experiments cited
in [2]. We note that the stability reserve obtained on the assumption of an absence of in-
put underheating of the coolant indicates the possibility of providing for stability of
natural circulation in a Field.tube with moderate input underheatings of the coolant. How-
ever, one should bear in mind that as the input.underheating increases a decreasing sec-
tion may appear on the static hydraulic characteristic of the circulation loop.

Second Case. Since boiling of the coolant occurs only at the entrance end of a zone
with heat supply, we shall neglect the length of the evaporator zone. In this approximation
the characteristic Eq. (10) takes the form

n= —K,(p), | (20)

where

ARy (M—1)r 1—exp(—pTed APt APYs,+APE \ [ A—oxp(—preg) - . o "
K, (p) = mr [ Plec < ] {( m—1 +Apt:s.) [ BT J+Apex exp ( PTt.s)}

Here AI*¢ , denotes the total heating of the coolant in the heated section of the loop, =
AP*... denotes the total pressure differential in the drop section, at the entrance to

the 1ift section, and in the zone with heat supply, and Tec denotes the time for the
coolant to pass through the economizer section in the steady regime.

Next we taken into account that the main pressure losses in-a:loop of natural circu-
lation with strong input underheating of the coolant usually occur in sections of the loop
occupied by water. In other words, AP* >> (AP*, . + AP*gx). For this case one can write on
the basis of Eq. (20) the sufficient condition of stability in the form

2r[1+ (M —1) z]z> Alth, (21)

Substituting the parameters givén in [ 1] for an expérimental loop -of natural circulation of
the coolant into the expression (21), we verify that the inequality (21) is not satisfied
when x = 1.3%, but the steady regime is stable when x = 2%.

The authors are grateful to A. L. Prigorovskii for a discussion of the article.
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METHODS OF CALCULATION OF THE STRESS—STRAIN STATE OF MICROFUEL ELEMENTS
OF HIGH-TEMPERATURE HELIUM~COOLED REACTORS AND THE CHOICE OF THEIR DESIGN

N. N. Ponomarev-Stepnoi, T. A. Sazykina, - UDC 621.039.548
and N. I. Tikhonov . '

The use of microfuel elements with pyrocarbon and carbide cladding in high-temperature
helium~cooled reactors (HTHR) determined, as is known, the advantage of these reactors with
respect to temperature, energy release, and safety as compared to reactors using conventional
metal-clad rod fuel elements. Microfuel elements are usually in the form of a spherical fuel
core with a diameter of 0.1-0.8 mm, onto which a cladding of several layers is deposited (Fig.

- 1). In order to determine the efficiency of microfuel elements, taking account of the her-

meticity requirements on the cladding as well as the characteristic features of the radiationm
behavior of the pyrocarbon and carbides, we must carry out special investigations, including

computational, of the stress-strain state of the claddings of microfuel elements during oper-
ation.

Methods of calculation of clad microfuel elements, which have been developed fairly in-
tensively recently [ 1<5], make it possible to determine the stress—strain state of microfuel
elements with a different number of coatings when a number of different assumptions and simp-
lifications are made. The most complete method of calculation is described in a paper by
Walther [5]. Calculations by this method, however, are very laborious and require a large
expenditure of computer time since numerical methods of computations are used. Except for
the one considered in [5], these models do not describe the stress—strain state of microfuel
elements with mutlilayer deformable coatings. In this paper we present a number of programs
for the calculation of microfuel elements with different coatings, using analytic methods

‘of calculation, without: the considerable simplifications characteristic of [1-4]; moreover,

the computer programs are less laborious than the method proposed in [5].

The mathematical model of the computation is based on the following assumptions: the
core is in the shape of a sphere and is surrounded. by spherically symmetrical coatings; the
inner coating of porous pyrocarbon does not bear a mechanical load and transfers all

"stresses normal to its surface directly to the force coating of dense pyrocarbon; the

elastic constants of the coating materials are isotropic and do not change during irradia-
tion; bombardment with fast neutrons causes anisotropic changes in the size of the pyrocar-
bon coating.

The stress—strain state of microfuel elements is calculated using the classical methods
of the theory of elasticity which are based on equilibrium and compatibility equations and
the equations for the principal laws of deformation. The solution is carried out in a
spherical system of coordinates. The principal laws of deformation are in the form

: v . v
e gt | n£1)+ S eer AV &) :Egi)e+ngi) + S een dV's
1] 0
where 1 is the number of the'layer, eéi) and e(l) deformation of Ehs i-th layer in the ra-
dial and tangential directions; y, neutron fluence, and ¢ 1 € and €g €, elastic components
of the deformation according to Hooke's law: ’ ) '
(iye 3V (i) (r, 1)+

g = — =t gf ‘—1—(f”(r,y)

(e t—wy (z) ¥ .
=25 of) (r, 1)~ o (r, 9

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 77-81, February, 1984. Original
article submitted August 22, 1983.
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here vy is the Poisgon ratio of the i-th layer; Ej, modulus of elasticity of the i-th
layer; n 1) and n{i , contributions to the total deformation from the dimensional changes
caused in the coating materials by irradiation which are approximated as a polynomial in the

Y .
fluence; and Secdv , creep deformation.

0

In accordance with the published data for pyrocarbon we assume a linear dependence of

the rate of creep deformation on the stresses,

0&'(1)
D e KON (1, ) + KPS ()

Q) da(

68 = = —K‘” A —v?) o (r, ) — KO () ),

where Y(i) is the Poisson ratio for creep and K(i)is the radiation creep constant.

The general solution of these equations and the equilibrium and compatibility equations
has the form

o (rs )= A (N + B W) 4 27, () lnrs
. 1,
o (r, ) = 4 (y)_‘_;- Bi(y)rs +3 /(¥ 2Inr41),
where Af(Y) and Bj(y) are unknown functions, r is the running radius, and

1 (v') exp (Diy') dv;

fu (1) = =5=exp (— Di¥)

Oty 2

T

Eil\ G
Di ('?) = (1 — Ve ))’

—Vi

N (y) = 7 (y) — % (v);
. dntd)
o (v)s—ldv—“”—-

To determine the unknown functions we must consider the boundary conditions

;" (ag, ¥) = —p (24, ¥);
ol¥ (bys ‘y)::o(,“”(a,ﬂ, V)i
ut® (by, ¥)=ul+) (ayy, 9);
i=1t (n—1);
o™ (b ¥) = —11,

where n is the number of layers, a4 is the inner radihs, by is the outer radius, p(a.,y) is
" the internal pressure of accumulated gases, and I is the external pressure of the matrix on
the cladding.

It is assumed that there are no stresses at the initial fluence y = 0. The pressure
of gaseous fission products is calculated as the sum of the partial pressures of the gases
released by the material of the core as a result of the ?°°U fission reaction. The main
contribution to the total pressure is made by Xe and Kr: ‘

p(an’)-—-ZJ‘. psy J=Kr, Xe.

The value of pjy 1is calculated from the Redlich—Kuong equation of state which was recommended
for high values of the temperature and pressure [6]

» RT _ 8y

Vi—as Vi(Vota) VT’

b=
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Fig. 1. Design of HTHR microfuel
elements: 1) core; 2) buffer layer;
3) first force layer PyC; 4) sec—-

~ ond force layer of SiC; 5) third
force layer of PyC.

~where R is the universal gas constant, T is the operating temperature, Vj is the molar vol-

ume of the gas, and qJ and sy are constants of the equation of state,

At the I. V. Kurchatov Institute of Atomic Energy a package of programs in FORTRAN has

‘been written for the BESM-6 computer for calculating the stress—strain state for different

designs of microfuel elements [7]. Each program is a procedure for calculating the stresses

- and strains which arise in different coatings, depending on the fluence of fast neutrons.
- A program (dubbed LIN-2) for the calculation of the stress—strain state of microfuel ele-

ments with three deformable layers has recently been developed and perfected: In the event
of a fracture in one or two layers a switch is made to the subprogram BISON (two layers) or
KASATKA (one layer), respectively. The kinetics of the changes in the stress—strain state
is determined mainly by the joint action of three physical processes, viz., the release of
gaseous fission products, radiation-induced changes in the dimensions, and the creep of the
pyrocarbon. This package of programs was used to investigate the kinetics of the stressed
state. In calculations with one of the versions we assumed the following parameters for the
microfuel element: ' :

Core: UO;, diameter 500 ym, density 8.0 g/cm®, porosity 0.1, enrichment 21%.
Buffer layer from pyrocarbon: thickness 70 um, density 1.0 g/cm®, porosity 0.6.
2.9

First force layer of demse pyrocarbon: thickness 60 um, density 1.8 g/cm®, E,
10° MPA, vy = 0.33, v(}) = 0.4, R(}) = 4.1:10"%° (neutrons/cm?MPa)~*. :
Second force layer of sllicon carbide: th%cgness 40 um, density 3.2 g/cm®, E, = 3.2
1
c ¢’ ' v ,
Third force layer of demse pyrocarbon: thickness 50 ym, density 1.8 g/cm®, Es = 2.9°
10° MPa, vs = 0.33, v(z) = 0.4, K(z = 4.1°10"%® (neutrons/cm?°MPa)~!.

107 MPa, v, = 0.25, v(?) = 0,25, K(*) = 0.001°K

At a fast-neutron fluence of 1.2:10%' neutrons/cm® the burn-up was 10% of the heavy
atoms. The calculated curves of the stress state as a function of fast-neutronm fluence,
on condition that all the force layers remain whole; are presented in Fig. 2a. In the
first force layer PyC-l the stresses on both the inner and outer surfaces are tensile. When
the irradiation begins these stresses increase and then undergo relaxation, which is due to
the action of radiation creep. In the third force layer PyC-3 the stresses are also tensile
and at a fluence greater than 0.5:10®' neutrons/cm® they remain practically constant. This

. is explained by the fact that the second force layer SiC-2 is more rigid (ESiC>>'EPyC)and

restricts the possible displacement of the layer PyC~3, and as a result of this the action
of radiation creep counterbalances the stresses. In the second force layer of silicon car-
bide there are compressive stresses which decrease as the fluence increases. We consider
the stressed state in the case when'the pyrocarbon layers are broken (see Fig. 2b). If the
first force layer is fractured when the stresses in it reach 100 MPa (tensile strength of
pyrocarbon [U]Pyc = 100-200 MPa), the stresses in the layers change abruptly., In the
layer S5iC-2 tHé compressive stresses decrease while in the layer PyC~3 the tensile
stresses increase slightly. If it is assumed that the third force layer can break when the
maximum value of stresses is attained, then the stresses in SiC-2 pass into the tensile re-
glon and increase with the fluence. Upon completion of the irradiation the stresses do

not exceed 50 MPa, which is substantially below the breaking strength ([o]gjc = 300-400 MPa).
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 _Thus, fracture of the pyrocarbon layers does not lead to the direct fracture of the
microfuel element.as a whole. The main force layer is the silicon carbide layer. The fit-
ness of a microfuel element for use, therefore, should be assessed with allowance for the
stressed state that arises in the silicon carbide layer during irradiation. It must be
pointed out, however, that when the first pyrocarbon layer is broken there is an increased
probability of damage to the silicon carbide layer as a consequence of bombardment with fis-'
sion products, corrosion, and the possible interaction of the core:with the coating, all of
which together lead to a decrease in its efficiency. .

The design of the microfuel element, clearly, in many ways determines its stressed state.

Using the package of programs developed, we investigated the influence of the design param-
eters of the microfuel element on its stress-strain state. As an example, Fig. 3 shows how
the maximum stress in SiC-2 depends on the thickness of this layer. A decrease in the thick~
ness leads to an increase in the compressive stresses and this may cause the layer to frac-
ture under compression. When the layer PyC-l1 is broken the compressive forces are substan-

. tially lower but when both PyC layers are broken tensile stresses arise in the layer SiC-2,
substantially increasing the probability of the microfuel element fracturing. If the thick-
ness of the layer SiC-2 is increased, fracture of the first force layer also leads to ten-
sile stresses in SiC-2. To ensure that the microfuel element functions reliably, we must
determine the optimum range for the thickness of each layer, considering the stressed state
of the silicon carbide layer when the P¥C layers are broken and when they are whole, assum-
ing the same probability of fracture for both tensile and compressive stresses.

Thus, analysis of the kinetics of the stress—strain state of a microfuel element allows

us to note an interesting feature of the operation of this microfuel element under the con-
~ditions of irradiation. Radiation changes in the dimensions of the pyrocarbon layers ensure
that these coatings exert a compressive effect on the intermediate SiC layer, making it high-

ly fit. for work. This factor is so significant that, despite the substantial pressure of
! gaseous fission products and technological gases, the SiC layer turns out in fact to be un-
_ loaded during operation. And only when the pyrocarbon layers are broken at the end of the

i operating period does fracture of the SiC layer because of tensile stresses become possible.

|

The fact that reliable leakproofness can be ensured along with a high allowable tempera-
ture and heat release as well as the possibility of using mass-production technology to fab-
| ricate microfuel elements and spherical fuel elements are clear indicators of the undoubted
| future prospects for this type of fuel element.

, - LITERATURE CITED
J. Prodos and I. Scott, Nucl. Appl., 2, 402 (1966).

-

1.
2. J. Kaae, J. Nucl. Mater., 29, 249 (1969).
n 3. P. Morgand, J. Lanier, and M. Boulon, in: Proceedings Second International Conference
| "Structural Mechanics in Reactor Technology," Berlin (1973), Vol. C, Paper Cl/2.

" 4. S. A. Balankin et al., At. Energ., 45, No. 3, 205 (1978).
5. H. Walther, Nucl. Eng. Design, 18, No. 1, 11 (1972).
6. K. Shah and G. Thodos, Industr. Eng. Chem., 57, 3 (1965).
7. T. A. Sazykina and N. I. Tikhonov, Problems. of Atémic Science and Engineering, Series on

Atomic-Hydrogen Power Engineering and Technology, No. 3(10), 59 (1981).

83 .

e Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6

SORPTION OF RADIOACTIVE IODINE BY STAINLESS STEEL FROM A
FLOW OF NITROGEN TETROXIDE VAPOR

V. M. Dolgov and M. A. Drugachenok UDC 621.039.56

The concentrations of iodine radionuclides in gaseous coolants (helium or carbon diox-
ide) are largely determined by the sorption of the radioiodine on the inner surfaces of power-
reactor loops [l, 2], and this gives interest to similar measurements on the systems with
gas—1liquid cycles based on dissociating nitrogen tetroxide (N;0,) [3].

We have examined the uptake of radioiodine on stainless steel from a gas flow with the
apparatus of Fig. 1 at 338-753%K and 0.12 MPa; the mode of flow was laminar. The liquid
radioactive nitrogen tetroxide tagged with radioiodine was produced directly in an evaporator
by adding a few drops of an aqueous solution of Na'®'I to the Nj0., the latter solution not
" containing stable iodine nuclides. Then the specific activity of the mixture was about 4 x
107 Bq/kg. Then the tetroxide was evaporated at 107 kg/sec and passed in sequence through
the experimental units (EU) and a protective column containing a radioiodine absorber, after o
which it was condensed and collected.

The sorption dynamics could be examined with the EU-1, whose design allowed one to re-
cord the radioactivity during the experiment. A major component of the EU-1 was a tube coil
made of OKhl8N1lOT steel, through which the radioiodine-tagged N,0, was passed for 1 h at the
given temperature. . At the end of the EU~1 operation, the radiocactivity in the protective
column was measured together with the volume of condensed nitrogen tetroxide, after which the
EU-1 was flushed with pore nitrogen tetroxide not containig **!I. The radioactivity was mea-
sured with a scintillation counter. The radioiodine activity on the inner surface and within
the volume of the EU-1 was calculated in relative terms from

KNV . - '
T, 1)

My = Gy Sy = Mgy — 1y, 2)

n,=a,V=

vhere ny, Ng, Ngiy are the bulk, surface, and overall radioactivities of the iodine in the
EU-1 in sec™', whileay andcls are the volume and surface specific radiocactivities of the
EU-l in m"'sec" and m™?+sec™*, V, and S, are the volume and internal surface of the EU-1
in m® and m?, N, is the radioactivity in the guard column in sec~!, Vo is the volume of the
N20, condensate in m®, Vv, and v; are the specific volumes of N;0, in the gaseous and liquid
states in m®:kg~*, and K; is a coefficient that corrects for the difference in measurement
conditions for the EU-1 and the guard column (determined by experiment).

Figure 2 shows how the activity of the EU-1 varies with time. Table 1 gives the acti-
vities of '*'I in the volume and at the inner surface of the EU-1.

It was found that the uptake of iodine from the gaseous nitrogen tetroxide on the stain-
less steel was virtually completely reversible up to 400°K. Equilibrium set in very rapidly
in the bulk-surface system, which'.enabled us to describe the uptake by means of a distribution
coefficient T given by T = ag/ay.

There was appreciable irreversible radioiodine uptake above 420°K; the accumulation on
the inner surface is described by '

da,/dt = wa, — (A 4 6) a,,

where w and § are the sorption and desorption rate constants in m/sec”' and sec™', while A
is the radioactive decay comstant in sec™'.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 81-83, February, 1984. Original
article submitted August 2, 1983. .
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Fig. 1. Scheme for the experimental unit: 1, 2) evaporators; 3)
conditioning column; 4) EU-2; 5) air thermostat; 6) guard columns
7) heater; 8) EU-1; 9) scintillation counter; 10) condenser; 11)
neutralizer;.12) condensate collector; a) water for heating evapor-
ators; b) cooling water; c¢) to vacuum pump; d) vent.

Fig. 2. Time dependence of the radioactivity in the EU-1 at temper-
atures of 338°K (a) and 418°K (b); 1, 2) start and end of passage
| ] of radiocactive gas3j 3) start of passage of nonradioactive gas.

The solution to this equation with the initial condition ag(0) = 0 for ay = const is
» “ay —a-(A+6)1
. x+6[i e 1.
In the initial period, when (A + §)t << 1, we have

Ay R WAL,

These equations enable one to determine the sorption rate constant; TaBle l'gives the
values obtained for w and T.

1 The sorption rate constants were measured in experiments with OKh18N10T steel for tem-—
peratures above 470°K. Some of the specimens had previously been oxidized in N,0, at 675°K
and 1 MPa for 100 h. The specimens were set up within the interchangeable EU-2, through which
‘the gas containing radioiodine was passed for 2 h at a given temperature. After the end of
the gas passage, we measured the radioactivity of the specimen and the guard column, as well
as the volume of condensed nitrogen tetroxide, from which we calculated the sorption rate by
- the use of (3) from the formula

0= nsVongzlSoNovji,

where So is the surface area of the specimen in m* and K, is a coefficient determined by ex-
periment to correct for the difference in measurement conditions for the specimen and the
guard column.

Table 2 gives values of the rate constant averaged within a temperature range of width
100°K (the bounds to the confidence ranges Aw correspond to a = 0.95).

In spite of the spread in the results, one sees that there are larger rate constants for
the oxidized surface and no tendency for the values to decrease as the temperature rises,
whereas the rate constants for unoxidized surfaces decrease in the range 473-753°K. The -~
rate constants for uptake by stainless steel from gaseous nitrogen tetroxide are less by
about an order of magnitude under comparable conditions than those for air, where the value
is about 5 x 10™° m/sec [4].

One-can identify the nature of the bond between the radioiodine and the surface by using
the basic criteria (temperature range and sorption and desorption rates) indicating differ-
ences between chemical and physical sorption [5]. The results indicate that at up to 400°K,
physical sorption predominates; above 400°K, one gets stronger chemisorption. The chemical"
interactions of iodine with the components of stainless steel (Cr, Mn, Fe, Ni, Mo) have been
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TABLE 1. Results of Experiments on Radio-
iodine Sorption
ng, sec~1
Temp,, -
K ny,8eC N - rm | o
s 5 m/sec

388 65,8 47,9 — 1,5.-10-% —
338 48,9 44,8 — 1,8-10-3 -
378 37,0 30,5 4,0 |1,7.10°3 -
383 35,2 | 24,5 1,410 —
423 23,4 21,2 6,8 - ~ 1077
428 29,0 22,1 11,0 — ~ 10-7
468 8,8 23,6 53,0 — 4-10-¢

*n;, and ng are the activities of the re-
versibly and irreversibly sorbed iodine.

TABLE 2. Radioiodine Uptake Rate Constants
x10°, m/sec

Suﬂgce
T, K . ‘s
oxidized unoxidized
4T3—573 3,742 4 ©1,60,8
573—673 5,7+3,5 1,0+0,5
673—753 10,36, 0,440,3

considered [6] in examining the compatibility of fuel-rod cladding with oxide fuel; it was
found that the effects of oxygen on the stainless steel—iodine system are very substantial,
since oxides of the metals in the alloy are formed, which are thermodynamically more stable
than the iodides. Therefore, it is likely that the reduction in the rate constant as the
temperature rises for unoxidized metal is due to competition between oxidation and the for-~
mation of iodine compounds.

‘The results enable one to evaluate the effects of radioiodine sorption on the distri-
bution in a loop containing N,0,, which is necessary in designing systems for eliminating
radioiodine and in determining the radiation environment in a nuclear power system.
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DAMAGE OF THE SURFACE OF STRUCTURAL MATERIALS BY THE
ACTION OF PLASMOIDS

V. I. Pol'skii, B. A. Kalin, P. I. Kartsev, UDC 621.039.531
D. M. Skorov, E. P. Fomina, Yu. V. Skvortsov, ‘

N. M. Umrikhin, F. R. Khamidullin, S. S. Tserevitinov,

0. A. Kozhevnikov, A. N. Lapin, and N. B. Odintsov

In the operation of fusion machines the first wall of the working chamber will be sub-
jected to considerable erosive action of the fusion plasma. Many of the results of such
action (e.g., blistering and sputtering) have now been investigated fairly well [1-3]. How-~

~ever, the damage to the first-wall material from local evaporation, cracking, splitting off,
and fusion of the surface, caused by the plasma flows and multiple absorption of a large
amount of energy of the plasma radiation in machines having magnetic and inertial confine-
ment, ‘is a serious problem which has not been sufficiently investigated experimentally [3-5].

To determine the influence of the direct action of plasma on the destruction of the
first-.wall we have investigated plasma-flow-initiated erosion of the surface of a broad
class of promising structural materials for the chamber of a fusion reactor. The irradia-
tion was carried out with flows of hydrogen and deuterium plasma, generated by the MK-200
pulsed plasma accelerator [6]. In the experiments we used two modifications of the accel-
erator: with a conical (Fig. 1) and a cylindrical electrode system. To transport the
plasma to the place where the specimens were set up we used a cylindrical plasma guide in
the form of a metal tube-liner (length 1.5 m, diameter 0.3 m, wall thickness 2:10~® m),
made of stainless steel. The plasma was isolated from the walls by means of external solenoids
which produced a longitudinal magnetic field inside the linear. The density and velocity of
the plasma flow weredetermined by a set of techniques. The velocity of the hydrogen or deu-
terium component of the plasma and that of the impurity were measured by diamagnetic probes,
i.e., two monochromators with photomultipliers, as well as by a Mach—Zender interferometer.
The qualitative composition of the plasma was established with a mass spectrometer.

In the first series of experiments each specimen was subjected to the threefold action
of a ptasma flow. Irradiation in this case was carried out with hydrogen plasmoids in the
accelerator with a cylindrical geometry of electrodes, which operated at a voltage U, = 15
kV (Wpat = 125 kJ). The total energy content of the flow per pulse at the site of the spe-
cimens was W = 30 kJ. The time dependence of the plasma velocity in a fixed cross section
of the plasma guide from the time when the forward part of the flow passes and the radial distri~-
bution of the particle density are given in Fig. 2. According to estimates, the plasma tem-
perature was T{~ 100 eV, which allowed the plasma to be considered to be fully ionized.

In the second series of experiments each of the specimens was subjected to the 30-fold
action of flows of deuterium plasma in the accelerator with a conical geometry of the elec-
trode system. The accelerator operated at a voltage Vo = 30 kV (Wpat = 500 kJ); in this
case the energy content of the flow in the cross section of the plasma guide at the site of

‘ the target was W = 70 kJ per pulse. Thedistributionof the plasma:velocity over the length
of the flow and the distribution of the particle density over the chamber radius for the

‘ accelerator with a conical electrode geometry are shown in Fig. 3. The main parameters of
the plasma flows used in this paper and assumed at the wall in plasma disruptions in INTOR

| {7] and other reactors with magnetic confinement [8-11] as well as the products of microex-
plosions of the target in pulsed fusion reactors under design [4, 12] are given in Table 1.

- The table shows the main parameters of plasmoids used for earlier investigations on the
| "Prosvet" machine [13].

In the first and second series of experiments plasma flows were used to irradiate re-
fractory metals and alloys based on them, chromium and chromiummnickel stainless steels,

Translated from Atomnaya énergiya, Vol. 56, No. 2, pp. 83-88, February, 1984. Original
article submitted June 13, 1983.
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Fig. 1. Schematic diagram of irradiation with plasmoids in the
MK~200 accelerator: 1) system of electrodes with comical geom~
etry; 2) external solenoid; 3) holder with targets; 4) system

for pulsed admission of gas; 5) cylindrical plasma guide; 6)
discharger.
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Fig. 2. Structure of plasma.flow in the first series of irrad-
iations: a) time dependence of the plasma velocity in the on-

- coming flow; b) particle-density distribation over the radius of
. the plasma guide.

high-nickel alloys, titanium and its alloys, aluminum, aluminized steels, materials with
coatings, and coating materials (Table 2). The specimens of the material to be tested

were cut from thin plates with a thickness of (0.3-1):10~° m and prior to irradiation.were
annealed to remove the mechanical hardening. The surfaces of specimens without coatings
were polished electrolytically. The specimens were placed in special cassettes and sus=
pended in a holder attached to a cooled horizontal bar located at the spot where the plasma
flows emerged from the cylindrical plasma guide. The cassette and holder were made of stain-
‘less steel, After irradiation the specimens, cassettes, and holder were bent strongly with re-~
spect to the direction to the plasma source, which was due to the thermal stress arising
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Fig. 3. Structure of the plasma flow in the second ser-
-ies of experiments: a) time distribution of plasma vel-
“ocity in the oncoming flow; b) distribution of the par-

ticle density over the radius of the plasma guide (the

notation along the axes is the same as in Fig. 2).

during cooling of the initially intensely heated thin surface layer [14]. Our estimates

| showed that the value of the mechanieal stress in the surface layer of the specimens ex-
ceeds the yield stress of the material. The strain was measured by the deflection. It

| was established that the residual plastic strain is n1%. Repeated thermal shocks lead to

} a bulld-up of residual strain and the deflection reaches 157 after 30 pulses.

Since the density of the plasma flow decreases along the radius of the plasma guide,

.~ the irradiated specimens were set up at different distances from its axis. Analysis of the
experimental results showed that the degree of change of the surface of the irradiated
specimens depends on the form of the material and the irradiation parameters. Table 2

“ ‘presents all of the materials tested and the forms of surface erosion observed. When the
target was irradiated by three pulses we observed considerable cracking of the surface
layer of refractory materials (first class of materials tested) alomg grain boundaries
(Fig. 4a). A similar effect occurred when niobium was irradiated with a lower intensity of
plasmoid and 100 times as many pulses [13]. Aluminum and titanium alloys (third and fourth
classes) were characterized by a substantial fusion of the specimens and the appearance of
drops of solidified metal and capillary waves on their surface (see Fig. 4b).

The greatest resistance to irradiation by plasma flows was displayed by carbon pyrocer-
amic and graphite (sixth class) whose surface practically did not change. The surface of
aluminum coatings, obtained by evaporation onto niobjum, and aluminized 12Kh18N10T steel was
subjected to the greatest damage (see Fig. 4c), viz.: cracking, fusion, and the formation
of bulges with a diameter of (1-5)+10"° m resembling blisters. The stainless steels and

| high-nickel alloys (second class) were relatively the most resistant; with the exception of
OKh16N15M3B powdered austenitic steels, they did not display any cracking or fus1on on their
surface (see Fig. 4d).

~ Surface erosion of the materials of class 2 was characterized mainly by the presence
of blisterlike bulges. It must be pointed out that under irradiation with plasma flows high-
nickel alloys and chromium-nickel cast steels better conserved the initial state of their
surface than did other materials of this class, as expressed in a lower density of bulges
of equal average diameters. Chromium steels and OKh1l6N15M3B chromium—nickel steel made from
coarse-grained (15°107° m) powder cracked along grain boundaries in places.. Such cracking
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TABLE 1. Main Parameters of Plasma Flows
Plasma distuption in %iﬁé%e’f‘l?slio:éon 18} Simulation of process
magnetic fusion reactor reactor ‘
) | pulsed fusion .
Parameter INTOR LOER I81 reactor (design) (4] "Prosvet” | -
TR L] 1 mMx-200
n ETR [10) HIBALL [12] {13] -
TFTR (11]
"Max. energy of ions (H¥, D¥), keV 1 10 150 2 5
Av. energy density of flow, J/m? 3-10¢ 0,740 {é?] 0,2-108 100 (4 10)-108
Flow intensity, W/m? 3107 3,%- 1(()):- [2)0]. . 108—1012 5-10° (3 = 9)-1010
108 [9] .
2,6-1010 {8] :
Density in main part of flow, m™3 1020 1020 1022 . 5.40% {1+ 5)-10%
Duration of action, sec 2-10-3 é -ig—: {;0] 10-8—10-° 2-10-% . [(1 = 5)-10-®
-10-% [9) .
(1 = 10)-40-5 (8} -
2.40-4 [11] '
Av, dose in pulse, ion/m? 1.1022 — 6. 6.101° 1,4.10%
No, of pulses in computation period 10%4n | 450 in 3 years [10] | - 10°in 1 year 300 . 3—30
15years | 10* in 20 years[11]
o 500in 28'ears 8]
Max, temp, of wall heating, °K 600 400 {14 700 — —
700 [10]

TABLE 2. Classes of Materials Tested and the Form of Surface Erosion.

Form of surface erosion

Material te'sted‘

2, Stainless steel and
high-nickel alloys

12Kh18N10T, cast and powdered
OKh16N15M3B,, 07Kh16N4B, cast
and powdered Khl3M2;

Class first series of irradiation | second series of imadia
. , tion
1, Refractory metals and | MChVP (Mo), TsM-6 (Mo—Zr), Cracking along grain Cracking and local
alloys TsM-10VD (Mo—Al), Mo—V boundaries ~ - flashing-off

| Blisters and partial crack-

ing (only in cast Kh13M2
steels and powdered -

Drops and waves of solid4
iffed metal, craters,
cracking

03Kh20N45M4B4, and - steels of the type.

03Kh20N45M4BRTs 0Kh16N15M3B)
3. Aluminum A-999 (Al) Flashing-off and cracking | The same
4, Titanfum and fts BTI-00(Ti), PT-TM (Ti—Al—Zr)  |Drops and waves of "o
. alloys - solidified metal
5, Metals with coatings |Nb/A1 (deposition), 12Kh18N10T /Al | Cracking, local flashing- | " "
(aluminization) off and blisters :
6. Coating materials | G-4 ntg;aphite). $G-2 (glass-fiber- .| Without damage Cracking
reinforced graphite), Al,05+V ;03

SiC, US-1 and USB-15(carbon
pyroceramic) '

was not observed in the same grade of steel (OKh16N15M3B) made from finer-grained (2°10°° m)
powder. Attention must be drawn to the comparatively high rupture strength of the surface
in the case of chromium steels. In the casé of Khl3M2 steels, obtained by ordinary casting
methods with subsequent. thermomechanical treatment, we observed slight cracking of the sur-
face without the formation of bulges while powder chromium steels did not display any sur-
face damage at all. A characteristic change in the topography of the surface of powder
steels is the formation of double bulges with a regular round shape (see Fig. 4d). As noted
during statistical processing of the micrographs, the ratio of the diameter of an upper
bulge to the diameter of a lower bulge is 0.14 + 107%.

To ascertain the nature of the bulges, using a diamond indenter on a PMT-3 microhardness
meter with a minimum load we scratched a grid on the irradiated surface. Examination of the .
opened bulges (Fig. 5a) established that they are hollow and have a depth of (1.2-2.3)+107° m.

Subsequent heating of the irradiated specimens in a vacuum led to the opening of the
bulges as a result of the removal of their caps. Heating and holding the specimens at 870°K
(see Fig. 5b) resulted in the formation of new, smaller bulges without destroying or changing
the size of existing bulges. As a result of heating and holding at 1020°K (see Fig. 5c) the
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Fig. 4 Fig. 5

Fig. 4. Topography of surface of specimens of materials of different classes,
irradiated with three pulses: a) TaM-6 alloy (first class); b) PT-M alloy
(fourth class); c) aluminized steel (fifth class); d) powdered 1Khl3M2 steel
(second class).

;Fig. 5. Structure of bulges on an irradiated surface, characteristic of the
erosion of materials in the second class: a) opening of a bulge by an indenter
[ fine "shallow" (1-2 um) scratches have been drawn on the surface; individual
blisters have been caught by the indenter and removed; the bottom of the blis-
ter, cylindrical craters, and traces of plastic deformation from the indenter
-are visible]; b) formation of new bulges upon heating to 870°K in a vacuum;

. ¢) opening of initial bulges upon heating to 1020°K in a vacuum; d) uncovering

.. of the partition between double bulges upon heating to 1300°K in a vacuum.

cupolas of the largest bulges were uncovered; when double bulges were present,at first the

" upper bulges were ruptured and then, upon heating to 1300°K, the separating partition be-

tween the double bulges was ruptured (see Fig. 5d). The density of the bulges increased
constantly. This allows us to assume that the bulges are gas-filled cavities, i.e.,
blisters. A characteristic feature of the blistering observed was the greater depth of
the gas-filled cavities, which was ten times the calculated [15] and experimental [ 16]
ranges of ions of hydrogen and its isotopes for monoenergetic beams. Apparently, the con-
siderable depth at which the cavities occur also determined the large diameters of the
blisters, whose size was 4-10 times that ordinarily observed [17, 18]. Our finding that
double blisters separated by a partition are formed indicates that each of the blisters
was formed independently and, apparently, in succession.

Typical results of the investigation of the topography of the surface of specimens
irradiated by a series of thirty pulses are shown in Fig. 6a, b. Characteristic damages
to the surface of the material in this case consist of pronounced fusion of the surface
layer to a depth of (2410):10"° m, the formation of craters-.and solidified drops of metal
(classes 2 and 5), capillary waves (class 4), cracking (class 6), and cracking and local
fusion (class 1). Similar damage was observed when the surface of some metals was acted
upon by flows of dense metal plasma [19), streams of electroms [20], and laser beams [ 21]
with an intensity of 10'° W/cm® or higher.

The investigation of the structure of the fused surface on transverse polished sections
by scanning electron microscopy and x-ray structural analysis made it possible to determine
some distinctive features of the structure of the fused layer. Metallographic etching did
not reveal the microstructure of the layer and a sharp boundary was observed, without any
zones of thermal influence between the layer and the main material (see Fig. 6¢c). A charac-
teristic feature of all of the materials was that circular cavities oriented normal to the
surface are formed in the fused layer. These cavities began at a depth of 2:10”° m and in
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Fig. 6. Influence of thirtyfold irradiation by plasma flows on the structure
of surface layers: a) topography of irradiated surface of USB-15 carbon py-
roceramic (class 6); b) topography of irradiated surface of high-nickel alloy
(class 2); c) transverse polished section of steel, etched to reveal the grain;
d) acicular cavities in surface layer at a depth of (1-2)-10"° m

Fig. 7. Diffraction patterns of the surface of 12Kh18N10T steel, obtained ﬁith
radiation from an Fe anode (BSV-24) for unirradiated (a) and irradiated )
specimens.

some cases emerged on the surface, forming craters on it (see Fig. 6d). X-ray structural
analysis indicated the crystalline nature of the fused layer. The plasma flows, however,
altered the texture of the surface layer, bringing it to complete recrystallization and the
formation of a pseudoamorphous layer, which followed from the redistribution and smearing
of the maxima on the diffraction pattern (Fig. 7a, b).

From what has been said above we can make the following main conclusions:

Irradiation with plasma flows' possessing the energy indicated above causes a change
in the surface of promising structural materials for fusion reactors (proportional to the
energy of the flows and the number of irradiations) in the form of cracking along grain
boundaries, formation of gas-filled blisters, and fusion of the surface layer to a depth
of as much as 10°107° m :

In the case of irradiation with a small number of pulses the typical result is the -
formation of two-layered blisters, having an anomalously large size and deep-lying gas
cavities.

Irradiation with plasma flows possessing & specific energy of 107-10° Wecm™? from the
MK~-200 pulsed plasma accelerator makes it possible to simulate the action of plasma on the
first wall of a fusion reactor.
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A SPECTROPHOTOMETRIC STUDY OF THE EQUILIBRIUM IN THE REACTION
Pu0?t 4+c1- 2 PuO + = c1z IN A NaCl—2CsCl MELT

S. K. Vavilov, G. N. Kazantsev, UDC 546.799.4-143:543.42
and 0. V. Shishalov ' :

Spectrophotometric studies have been made on the reaction
Pu0* -+ Cl==PuO; +1/2Cl, o (i)

for LiCl—CsCl melts [ 1] and indicate that hexavalent plutonium is of relatively low‘stability
in chloride melts, as is evident from the nearly zero value of the conditional formal redox
potential for the Pu02+/PuOt pair relative.to a chlorine reference electrode.

It is of interest to extend the study of (1) to mixtures of alkali-metal chlorides in
order to obtain a fuller conception of the chemical behavior of oxidized forms of plutonium
containing oxygen in salt electrolytes. .One expects an improvement in the stability of the
hexavalent state in the series from lithium chloride to cesium chloride, as has been found
for quadrivalent plutonium [ 2-4]. :

Here we report results on the thermodynamics of (1) for NaCl—2CsCl melt derived by
spectrophotometry of the equilibrium concentrations of pentavalent and hexavalent plutonium
for various values of the chlorine partial pressure (in mixtures with oxygen) and at various
temperatures.

Experiment. The equilibrium concentrations of pentavalent and hexavalent plutonium were
measured at various chlorine partial pressures with an IKS-14A spectrophotometer equipped for
working with molten salts [5]. The solvent was an NaCl—2CsCl eutectic (Tmp = 495°C) made by
melting the individual salts of chemically pure grade and purified from traces of oxygen and
water by treating the melt: w1th hydrogen chloride and chlorine. The density was calculated
from the equation [ 6]

.

Translated from Atomnaya Energiya, Vol 56, No. 2, pp. 88-91, February, 1984. Original
article submitted May 18, 1983,
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Fig. 1. Spectra of a NaCl — 2CsCl melt con-
taining equilibrium concentrations of penta-
valent and hexavalent plutonium at 550°C and
Cpy = 0.192 mole/liter: —) Pc1, = 0.1°10°
Pa; =-=-) Pc3, = 1.0:10° Pa.
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Fig., 2. Graphical check
on (5) for (1) 550, (2)
650, (3) 750°C.

d=3.175—10.01.10"¢ T. g (2)

Plutonium was introduced as the trichloride, which was synthesized by the action between
plutonium dioxide (purity 99.5-99.7%) and carbon tetrachloride vapor at 600°C. The initial
solutions of the pentavalent and hexavalent plutonium oxychlorides were made by oxidizing
the trivalent plutonium with a mixture of oxygen (40-90 vol.%) and chlorine (60-10 vol.%).

The reaction vessel was a quartz spectrophotometer cell (I = 1 cm) fitted with a vacuum-
tube PTFE plug with a loading device and a central inlet for the gas tube. The temperature
in the cell was maintained to #2°. The oyxgen—chlorine mixtures were produced in a steel
gasholder. The chlorine partial pressure varied from 0.1 x 10® to 1.0 x 10® Pa with an error
of not more than +37. '

Methods. The plutonium trichloride was introduced into the melt to give an overall con-
centration of 0.1-0.3 mole/liter. Then the oxygen—chlorine mixture was bubbled through.the
melt to oxidize the reduced forms of plutonium to the oxychlorides and to establish equi-
librium between the pentavalent and hexavalent forms. The absorption spectrum was recorded
over the range 12,000-4000 cm™' periodically. The melt was treated until the absorption bands
. of trivalent and quadrivalent plutonium disappeared and a stable spectrum was obtained for the
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TABLE 1. Values of the Molar Extinction
Coefficients 5 and e¢ for Pentavalent
and Hexavalent Plutonium in Molten NaCl—

2CsCl
T, °C
e,
liter/ mole*cm 550 650 750
gy (v=9090cm-1) | 2,3+40,1 2,240,2 2,12:0,2
gg (‘V=7040¢mv'1). 3,1£0,2 2,9+0,2 2,7+0,2

TABLE 2. Dependence of the Ratio of the Equilibrium Concentrations of Pentavalent
and Hexavalent Plutonium on the Oxygen Relative Partial Pressure at Various Tempera-
tures in a NaCl—2CsCl Melt

550 °C 650 °C 750 °C
I Per c c c c Cs cs
2 m T:- —lg C: m -2%- -lg '?;-' m 'c—s -1g —C—s—

[ 1,000 | 3 |0,4220,06 | 0,375 - - - - —~ -

—0,698 4 0,294:0,04 0,532 2 0,49:+0,04 0,319 - —

—0,522 4 0,26+0,03 | * 0,582 4 0,40+0,04 { 0,394 4 0,56£0,06 | 0,252

—0,398 4 0,21+0,03 0,685 2 0,384-0,05 0,426 2 0,50+0,06 0,305

—0,222 3 0,19+0,02 | 0,720 2 0,31+0,04 | 0,516 2 0,42+0,05 | 0,375

—0,000 6 0,13+0,02 0,868 8 0,2240,02 0,656 4 0,30+0,03 0,532
Note: m #s the number of experimental points and Cs = Cpuot; Ce ='Cpuo:f:

mixture of plutonium oxychlorides, which indicated that equilibrium had been attained in (1).
Then the melt was treated with chlorine to produce equilibrium in (1) at a chlorine partial
pressure of 1,01 x 10°® Pa. In that case, there was partial reduction of the plutonium oxy-
chlorides to the trivalent and quadrivalent states, whichresulted in the absorption band of
quadrivalent plutonium at 5300 cm !. The concentration of the reduced forms of plutonium
was calculated at 750°C [4]and in this way we corrected for the reduction in the overall
plutonium concentration in the oxychloride form.

Results and Discussion. Figure 1 shows absorption spectra for the NaCl—2CsCl melt
containing equilibrium concentrations of.pentavalent and hexavalent plutonium as recorded
at various chlorine partial pressures. It is evident from Fig. 1 that the strength of the
band with its peak at 7040 cm™?, which relates to hexavalent plutonium [7, 8], decreases as
the chlorine content of the gaseous reagent falls. On the other hand, the intensity of the

. band peaking at 9090 cm™!, which relates to pentavalent plutonium [7, 8], increases.

The spectrum does ot contain a band peaking at 4300 cm™?, which is characteristic of

quadrivalent plutonium, which indicates that the reduced forms Pu®t and Pu*t were absent
[4]. Therefore, the reduction of hexavalent plutonium occurs in accordance with (1) as the
¢hlorine concentration-falls.

Neither pentavalent nor hexavalent plutonium was produced in pure form in the NaCl—
2CsCl melt, and therefore it was impossible to determine the molar extinction coefficients
“ directly, which are required in calculating the equilibrium concentrations in (1). However,
| if the bands peaking at 9090 and 7040 cm™* obey Beer's law, the concentrations of penta-
valent and hexavalent plutonium can be expressed as follows:

CPuO’z*”:kQ'O/ES; Couogr =k"" e, (3)
where Cpuoz, CpPuo, 2+ are the concentrations of those forms correspondingly in mole/liter,
k®*° and 'k7°° are the absorption parameters at 9090 and 7040 cm™' as determined by the base-
line method in cm™!, and es and e€¢ are the molar extinction coefficients of pentavalent and
hexavalent plutonium at 9090 and 7040 cm™ ' correspondingly in liter/mole‘cm.
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TABLE 3. Values of the Exponent to
Pcl, and of the Conditional Equilibrium
Constant of Pu03t + Cl~ = Pu0t + 1/2 Cl,
in a NaCl—2CsCl Melt

Exponent
T, °C mt |© PClz -ig K* K*
550 24 0,4940,02 | 0,8740,05 |0,1350,016
650 18 0,48+0,02 | 0,6510,04 [0,2254-0,025
750 12 0,49+0,02 | 0,414-0,04 | 0,38+0,04

tNumber of experimental points.

TABLE 4. Values of the Conditional
Redox Potential for the PuOa /PuO
Pair Relative to a Chlorine Reference

Electrode
<Eﬁuoii+/xmo; ~Ecicr-h V
Solvent
. 500 °C 550 °C 650 °C 750 °C
LiCl — CsCl —0,116 | —0,106 | —0,081 | —0,056
(45 mole o5y T
NaCl — 2CsCl —0,164 | —0,150 | —0,122 | —0.094
(66mole %) % :

;Calculated from the data of [1].
Our results.

The overall concentration of the oxygen-bearing forms of plutonium 0pu02+ in the melt is

20 10
CPuo.E“‘ = CPuogr + CPuoi* = g5 | gg ( 4)‘
On transforming (4) we.get
k9.0 : & k7,0
C =& T . ‘ 5)
puoft Puol* (

In fact, in a plot in k®°°/Cpyolt — k7 °/Cp 03 + coordinates (Fig. 2), the experimental

points lie almost exactly on straight lines, which confirms that Beer's law applies to both v

absorption bands. The interceptor on the ordinate is numerically equal to the molar extinc-
tion coefficient for pentavalent plutonium at 9090 em™* (k7°°/CpyoRt = 0; k®*°/Cpyodt = e;),
while the interceptor on the absc¢issa is equal to that for hexavalent plutonium at 7040 cm-
(k7+°/Cpuol?t = 0; k®°/Cpyolt = €3).

Table 1 gives these molar extinction coefficients for the bands at 9090 and 7040 cm™*,
which have been used in calculating the equilibrium concentrations in the NaCl—2CsCl melt
in (1).

The conditional equilibrium constant of (1), namely K*, can be expressed as -
K¥= Cruof py?

: Clyr : ’
CPuoﬁ* v (6)
where Pc1, is the relative partial pressure of chlorine in the gas mixture (referred to the
standard pressure of 1.01 x 10° Pa)
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On transforming (6) and taking logarithms we get
| | o, o
PuOgz - *__41/21e F , v
g = lekr—1/21gPa, )

. PUO?

which was used to calculate K*.

Table 2 shows the dependence of the observed Cpuo}/Cpyoa+ on the relative chlorine par-
tial pressure and the temperature, while Table 3 gives values for the exponent to Pg1, to-
gether with the conditional equilibrium constant of (1) as calculated by least squares from
(7) with the data of Table 2. Table 3 indicates that the relative chlorine partial pressure

has an exponent close to 0.5 in the expression for the equilibrium comstant of (1).

The temﬁerature dependence of the,eQuilibrium constant for (1) is described satisfac-
- torily by : ‘ '

lg K*=’1.42'—1900/Ti0.05. » ' ®

From (8) we calcuiated the conditional formal redox potential of the Pu0+/pPuot pair
relative to a chlorine reference electrode

2.3R : v .

B3 ouos = 2oml g K* = —0,380+2.8-10~T -+ 0.01 v (9)

and thechangg;iﬁthe cohditionaistandard Gibbs energy for reaction (1) in aNaCl — 2CsCl melt :
' AG*= —2,3RT 1g K* = 36000— 27T 1000 J/mole. (10)

" From (10) we get that the change in entropy and the heat effect in (1) are correspond—-
ingly ‘ ' . o :

AS* =27 42 J/ (mole-K)
AH* = 36000 - 2000 J/mole,

These results indicate that the stability of hexavalent plutonium in a NaCl—2CsCl melt
decreases as the temperature rises, as for a LiCl—CsClmelt [1], as is evident from the increase
in the equilibrium constant of (1). The stability of hexavalent plutonium in a NaC1—2CsCl
melt is somewhat higher than that in LiC1—CsCl, because the conditional redox potential for
the Puoit/Puol pair is more negative (Table 4). , : :
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NEUTRON LEAKAGE FROM A CHANNEL WITH A LOW DENSITY OF
FISSIONABLE MATERIAL

B. P. Kochurov ' ‘ UDC 621.039.512.4

The square of the neutron migration length in a medium with a hollow cylindrical chan-
nel can be expressed in the form

M2~ Mpoq{l+e [t +(2—p) p/ll}, i
where € = mp?/V.e11, p is the channel radius, and 7 is the neutron mean free path in the
moderator. For p = o Eq. (1) is known as the Behrens formula [1] (as noted in [2] a similar
result was derived by S. L. Sobolev and independently by V. S. Fursov in 1948). The dev-
iation of the neutron flux distribution from linear (cosinusoidal) in a reactor of height H
led to the following values of p: _ ' ‘

p = 3n2p/4H (Davison's result given in [3]);.

p=[3n2/4—3/2+ 3=n Si(n)/2) p/H [2]. 2)
The method of images [ 5-7] was employed in [4] to derive interpolation formulas for M? which
took account of terms in p for channels with a nonzero scattering cross section. In the - .
Benoist theory the formula for the square of the neutron migration length in the axial di-
rection '

M= S 12 (2N +q) dr/(z SE,,N ér),_ 5 -

where 12 is the projection on the z axis of the mean-square displacement of neutrons before
the first collision, was transformed so as not to contain the neutron source q explicitly.
This can be done, for example, by considering the diffusion of thermal neutrons only. In
this case neutron production and absorption occur in the same regions, and by using the bal-
ance relations and neglecting terms of order a®M?, q can be approximated by IyN. In consid-
ering the migration of neutrons of all energies, Ig in Eq. (3) must be understood as the
scattering cross section Ig(E' - E), and q must be replaced by the density of fission neu-
trons X (£) vZ N (E’') with integration with respect to E. Fission neutrons begin migration in
the channel, and are "absorbed" (slowed down) in the moderator. If the mean free path of
fast neutrons l.h +«, it is easy to see [7] that Z; contains terms which diverge as 1ln p/l¢ch.

In the present article we consider the problem of calculating the part of the square of
the migration length M? from the instant of production in the channel to the first collision
in the moderator. By 7 we understand the neutron mean free path averaged over:all values
of the energy, for example, over the fission spectrum. An expression is obtained for M3.
Instead of the method of images, a more accurate method was used [2], based on the direct
calculation of neutrons. .It is assumed that the neutron mean free path in the channel is
infinite, p/H << 1, I/H << 1, and the channels are far apart, so that it is sufficient to
consider the problem of an individual channel in a reactor of height H. The neutron source
distribution in the channel has the form sin d(z + §), where a = n/(H + 28), and 8 = 27,/3.

Thus, we consider the limiting case when the neutron mean free path in the channel is
infinite. The neutron current from the reactor per neutron created in the channel is by
definition related to the square of the migration length M? by the equation I = I, + I; =
«®M}, where I, is the neutron current through the end of the channel S, (Fig. 1), and I; is
the neutron current through the surface S, adjacent to it, with

Translated from Atomnaya énergiya, Vol. 56, No. 2, pp. 91-94, February, 1984. Original
article submitted December 28, 1982, ' ’ :
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Fig. 1. Geometrical data: §,) cross section -
of channel; S;) moderator; x, ¢, b, ¢) var=-
iables. '

i 25 ve,. H./cos.o' ) 2o pb/sii_l [ S |
I, = (a/2n cos &) Sxd:c S de (S do - S ar + 65 do S dr) sin 0 cos 0 sina (z4-§). (%)
[} 0 [} [} o ) B .

' By making the change of variables (x, ¢) + (o, b), where 0 = Y1 — x® singand b = x cos

¢+ o,

20

§ Td(pj(r, @) - 2§ ‘/‘:"" Sdbf, (o, b), : (5)
0 ¢ . .

]

we can find the first part of integral (4) by using Eq. (Al)‘of the Appendix:

= (a2p?/2n2) (1 + 4a6/n) + O (afp*). - (6)

After integrating over r and making the substitution u = apb cotB the second part of in-

tegral (4) 1is reduced to the integral

on n-25a

1
Jo=(a?p?/2n cosaf) S zdz g dol?
1}

o
)

du .
o [(@pby-ur] |cos &b —cos (u +ad)] . )

The first integral in Eq. (7) is

We expand the integrand in the second part of (7), rearrange the limits of the integral with'
respect to u

o~ o« oo 0o

[—(S — Y )cnsouScosu -+ (S — S )em ad smquu/[(a(,/,)z w2y afe B ) @)

0 mlase i n-26a

and write it as the sum j")+Aj(:)+ jf’)+Aj$’). Using Eqs. (Al), (A3), and (A4),

1= =172 + ap/16 — (/) n (vap/ %) -+ O (@p"); 10y
iD= (4/3n2) 02pb — nalp?8/8 —}»Q'(Ot"p‘) {cf. (A5)] C (11)
The remaining integrals are evaluated by using Eqs. (A6)-(A8):
A = (@3p2/4) [Ci (m)— 1/n2] —a3?8/n% 1 O (abph); (12)
f»” == (a¥p28/4) 1/ — Si (7)), . ' ' (13)

The sum of Eqs. (6), (8), (10), (11), and (12) determines the neutron.leakage through the
surface S;:

Ty = (e2p214) In (W [2p) + o/ -+ o328 [3/47 — /8 — Si ()] 4 O (atpt). (14)
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The neutron current through the surface S; 1is

o arctan 4 8 H/cos 6 /2 pb/ein 0 :
I= (/27 cos ab) 5 zdr S de (j‘ de S dr+ S de 5 dr) < (15)
. 1 -arctan 1 /x 61 oe/sin@ - 8, pc/sin ¢}

X sin 0 cos @ exp ( — pc/sin 0) sin o (z 4 8),

where 6, = arctan (b/H), and 6, = arctan: (pc/H). After inte rating with respect to r %nd mak-
ing the substitution (x, ¢) + (o, c), where ¢ = V1 — x!sing(p, c=xcos¢g—0, b=xcosqp+ 0,
and interchanging the order of integration with respect to 6 and ¢, Eq. (15) is reduced to the
three integrals '

1 n/2 H e 8/p
. d . :
ja=(1/n cosad) S 1/(;-—002 S sin@db. de cos (apc cot* A 6) exp (— pe/lsin 0); (16)
- o 0 v . f .
S Dy : - arctan 2pa/H THote g/
Iy 0do 0 'sin 0 S deexp (— pc/lsin 0) + ‘
=t | A [ agsin0 | deesnd : an
’ 'rr/: Hg 8p ’
- q d0sin @ g deexp (—c/lsin9);
arctan “Spa/H H g 8/p-20
Ct 1 ny2 11tan6/p - 20 ,
- Js=(—1/ncos af) g ‘;;daoz : g dfsin@ 5/ decosa[p (c+20) cot 8+ 8] exp(—pe/lsinf). (18)

arctan 2po/H 0
Simple calculations lead to the result

Ja = (/4p) (1 — @124 — 4a2l8/3n) + O (apt); - (19)'

‘ CJu = @t 202 H 4 O (ahph). ) . 20)
Values of js expressed in the form . ' ' '
’ 1 AL 7 :
P 3,2 ol do ) .
-/5,—(&13{) /J:T.) ;5 o ?5 du,;_-]i a;fy (u) o | (21)
are listed in Table 1 (v? = h’. + u?; h = 20p0).
Using Eqs. (A9)-(Al3),
Iy=a? (12/6 4 1,116 -+-pl /3 — lp>n2/8H) + O (a*p?). (2-2)
The final result follows from Eqs. (14) and (22):
- M= (3) [(1 + L/1)/2 4 (1 4 81p/3nl) p/L +- (3p2[412) In (H/2p) — (3n2p2/8LH) (1 + 1,/31)]. (23)

If the nonuniformity of the first-collision density is neglected, a formula for M? can be

constructed as the sum of Eqs. (1) and (23), with the condition that in Eq. (1) M3 g is re-
placed by M3 4 — 12/°,
APPENDIX
The following relations were used : _
. - o 20 o ,

ga:d:cgbz(cp)dcp.—.n , (AL)
b 0 v
1 - om v
S zdz S b (p)dp=8/3 - (A2)
b 0 : '
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Eq. (21)
i “; b
1 | ‘ cos ufvt
2 o?? u?cos u/vs.
3 a : sin u/v?
4 —a3128 u? gin u/ve
5 ol usin u/vs
6 — 3 ud sin u/v?
7 @218 1w cos u/vd
1 2n i T
{2z [ormbdop=nsa - | (43)
0 "o : ‘ o e
| "dfap = K, (apb)/aph ==1/o?p??— 1/4--1/2 In (yapb/2) +0(a2p2) - (81 8=432'5)':,v LW
) {(apb)? 4-u®] : .- | . .
S sin “;"‘ = = (n/2apb) [L; (epb) — I (apb)}= 1/apb — /4O (ap) (8. 3. 754 1; 8. 050 2) - (a8). -
) ViapbP+ u? o
S cos lt dlt —_ (26/7‘21[) — ilzaz ._{_ Ci (n)/z _1_0 (azpz); E ) ' " (A6)
n-20a - . . .
i sin:adu = —1/25+ i (1)/21 O (a3?);
n--26a ) (A7)
si (x)— S SNt g Cige)= S «sf g8y, 8280y 48)
¢ coszdr __ mexp (—h) ") (2'z~k—2)! (2b)k | - ' _' ‘ o ’ (A9)
S TFn - @ (n— 1 D e . S
0 . h=x¢
[ 2 du 1 /6m— 17303 — i )6 o . (A10)
n T .
S fs(u) du= —(1/2h) (@/oR) 1, 1= S (ji;‘ - :ff) = (1/2k) [exp (— h) Ei (h) — exp (h) El(—-h)] ([8], 3. 723 1; 8.412,1,2);
0 [1]
: : (A11)
A usinudu : . | a 779 9. - (Al2)
§ s =K (W/3h =1/3K2+0(1) (18], 3.773,3);
- 26 - ‘
ucosudu (A13)
h3 S e =113+ 0 ().

w N -
e » a

[ RO B
. .
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NEW RADIATION SAFETY STANDARDS FOR TRITIUM COMPOUNDS

M. I. Balonov, I. A. Likhtarev, UDC 539.16.08
and Yu. I. Moskalev

The list of items containing tritium in common use in the USSR includes light-emitting
materials, tritium—titanium static-charge neutralizers and air ionizers used in industry and
agriculture in the Ukrainian SSR, tagged water in oilfields in Tataria, targets for accel-
erators and laser fusion systems, and tagged organic substances used in chemistry, biology,
and medicine.

‘On the other -hand, the Soviet regulations [1] and .the international omes [2] contain
standards only for two forms of tritium simple in composition and metabolism: oxide and gas.
These standards are unsuitable for restricting the entry to the human body of tritium com-
pounds having essentially different properties, particularly ones not soluble in the body or
biologically active substances. Here we consider the radiation-safety standards for five
classes of tritium compounds in common use. The calculation scheme is based on the concept
of restricting the irradiation of critical organs [1].

Classification. Five classes of tritium compound may be distinguished on basic radio-
biological features: the oxide, gaseous compounds, insoluble ones, soluble organic sub-
stances, and nucleic acid precursors:. The oxide THO is a thermodynamically stable form of
the nuclide that is most common in industrial and other conditions. The gaseous compounds
‘such as T,, CHsT, etc. are dominated by elemental tritium TH, which has a low solubility
in tissues. Compounds that are insoluble under physiological conditions include metallic
tritides (TiT, ZrT, etc.), light-emitting materials (LEM) containing the nuclide incorpor-
ated into polymers, and glass microspheres saturated with tritium. The class of soluble or-
ganic tritium compounds consists of many hundreds of labeled substances, mainly biogenic
ones, produced by the radiochemical industry. In view of the metabolic features, nucleic
acid precursors labeled with tritium have been distinguished among these.

Quality Factor QF. The B radiation from tritium is of low energy (Ep,x = 18.6 keV, E =
5.7 keV), and it therefore differs from other 8 and y radiations in producing elevated ion-
ization density in tissue. The total linear energy transfer (LET) for tritium L. is from
6 to 10 keV/um for various methods of averaging the LET spectra [ 3]. The generally accepted
relationship is QF = (0.8 + 0.16°L,), so 1.7 = QF = 2.4 for tritium radiation.

. During the past decade, QF = 1.7 has been used in the USSR to.calculate.the equivalent
dose from tritium radiation [ 1], while the International Commission on Radiation Protection
(ICRP) has recommended QF = 1. New experimental evidence has accumulated on. the relative
biological effectiveness of tritium oxide (RBETHQ), which is particularly applicable to ra-
diation safety, i.e., obtained with mammals at doses of less than 100 rad (1 rad =
0.01 Gy) and/or fromthe remote carcinogenic and genetic effects (Table 1).

In the experiments by Dobson and also by Balonov and Kudritskaya, there was an appreciable
increase in the RBE as the dose was reduced, which agrees with the Keller—Rossi dual-action
theory. The values of the RBE in the table cluster around the rounded value of 2, which is
in the middle of the range 1.7 < QF < 2.4, and on this basis we assumed QF = 2 ber/rad for
tritium radiation relative to y radiation of low dose rate. This value of the QF is used
subsequently in calculating the equivalent doses and standards. :

Tritium Oxide. The calculation on the radiation dose to tissue from tritiated water is
the basis for standardizing tritium, since THO is not only the commonest form of the nuclide
but is also the final product from metabolism and isotope exchange for many compounds.

As THO resembles stable water, its metabolism is known in detail for man [4-7]. When
THO enters the body through the lungs, mouth, or skin, it becomes uniformly distributed in
the body water over 2-4 h., Also, 0.5-4% of the tritium atoms reversibly replace hydrogen

Translated from AEoﬁnaya éﬁergiya, Vol. 56, No. 2, pp. 94-98, February, 1984. Original
article submitted March 1, 1983.
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TABLE 1. Relative Biological Effectiveness of Tri-. '

tium Oxide

Biological test | PrHo. | Standard REETHON

Flologl tad radiation [rel. unit Source
Damage to mouse 12 X, 200KV 2,4 | Lambert, 1969
spermatogonia :
Mammary tumors in | 150600 | v, 13iCs 1,8 | Moskalev et al.,
female rats 1973
Damage to mouse 10—40 y, 80Co  }1,6-2,8 | Dohson ¢.a.,
primary oocytes ‘ 1976
Atrophy in mouse 1460 v, $9Co 1,7 (ailé' QNOI an,
testicles 12-200 "v, '73s | 1,8-2,3|Balanov and

. : Kudritskaya, 1983
Specific locus muta-| 613 v, $9Co 2,2 | Nussel e. a.,
tions in mouse 1979
spermatogonia
Dominant lethal 50-400 | v, wics | 1,7-2,5 | Balanov and Kudrit~
mutations in mouse ) skaya, 1983
spermatocytes and
spermatids
Reciprocal trans- 100400 v, 137 1--2 | Pomerantseva et al.,
locations in mouse : 1983
spermatogonia

in OH, NH, and SH groups in organic compounds. About 1% of the activity is gradually incor-

porated into stable CH bonds. The excretion of the THO with water is exponential with an av-
erage period T, = 10 days but with variations from 4 to 18 days. On prolonged observation

of the tritium concentration in urine W(t), there are second and third terms in the retention
function with T; = 23-76 days and T3 = 280-630 days and relative contributions w,/w, =4 10"
Ws/Wy = 4°107° [7].

The tissues most irradiated by tritium oxide are ones with high water contents, i.e.,
soft tissues apart from fat. The proportions of water in these tissues range from 70 to 80%
[8]. If we take the tissue critical for THO irradiation as containing 80% water, we can
derive the expected equivalent dose in soft tissues from the intake: of 1 uCi of THO (1 Ci =
3.700 x 10'° Bq): .

1-0.80.QF ¢ 0.69 W a0 ' ' o
Hy =512 100 Y (~%2) at =1.6.10 ¢ ber/ yCt, 1)
J ‘

where E = 0.0057 MeV, QF = 2 ber/rad (1 ber = 0.01 Sv), T, = 10 days, and Mp = 42 x 10® g
is the mass of water in the body of a standard man [ 8].

The correction to the dose due to the bound tritium and to the second and third compo—-
nents in the THO retention is about 47 [ 7].

From (1) one can calculate the maximum permissible intake MPI of THO for thoseworking
with radiation: MPI = (5 ber/yr)/(1.6:10"“ ber/uCi) = 310 uCi/yr. The permissible body
burden BBA is accumulated on the daily intake of 3:10“/365‘#-82 uCi/day “and-constitutes

82 \ exp(—0.69/10)t)dt =1,2+10°" pCi. The THO concentration in the body water .is then

0
28 uC:L/liter. To calculate the permissible THO concentration in the air of working locations
PCp one should consider not only the inspiration of ‘THO (2.5 x 10° liter/yr [1] but also the

uptake through the Skin of 1-1.5 x10° liter/yr (Osborn's data {5]). On this basis, PCj =
3+10%+10-¢/[(3.5~4)=10°%] 1.10~® Ci/liter. For individual members of the population, the
maximum annual intake MAI = 0.1MPI; PCy = O. 03PCpe. The standards thereby derived (Table 2),

apart from BBy, are 1.5-2 times those that currently apply [1] because of the use of revised
physiological data,
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TABLE 2. Standards for Tritium Compounds

Category A _ __Category B
o el MPI, uCi/yr  |PCp Ci/liter
rough
Tritium compounds Critical organ BBA, - organsgof PCy» through |through |in atmo-| in
uCi {ra- |Ci/liter jorgans of|digestive|spheric |water
resp: g g p
tion; respira- | tract air
pCisyr tion
Oxide (THO, TDO, T,0) Whole body 1,2.108 1 2-10'* | 1.10-8 2.108 | 3408 ) 340719 | 41078
Gas (TH, TD, T,) Whole body 1.4. 103 |1,5-408 | 6-10-% | 1,5.107 — 2107
Insoluble (Ti and Zr titrides, | Lungs 70 5-102 | 2.10-10 50 3.40 | 610712 | 41078
ht-emitting materials etc.
lé%lub?e orgar%ic ) ‘Whole body 1,6-10% 14,5.10% | 6.107° | 4,5.10% [ 4.10% | 2.40-30 | 1.40-¢
Nucleic-acid precursors Bone marrow, - - 3.10° | 1-107° 3102 7o | 31071 | 11070
gonads

*Simultaneously, half of this amount enters the body through the skin.

1 rd
- En
TH e
in air gv
» ¢ yCifiter)
0

3 &

W Fig. 1. Change in absorbed dose
=3 0 x . with distance x from boundary be-
E I " tween source (air) and target
IR o : (tissue) [7].

15° L i 4 | |
0 7 2 J 4 X pm

Gaseous Tritium, A person in a cloud of gaseous tritium undergoes contact irradiation
in the lungs, skin, and upper respiratory tract, as well as the soft tissues arising from
the nuclide dissolving or oxidizing in the body.

The alveoli are of size 0,1-0.5 mm, which is less than the range of the B particles
in air, and at rest they contain Vi = 3 liters of air [ 8] with a tritium concentration C in
uCi/liter. The equivalent dose rate in the lung parenchyma is

hL_Z 13 EQF =17.3-10"°C, ber/h (2)

where My, = 1000 g is the lung mass [8]

The dose from tritium in the upper layers of the skin and the respiratory pathways de-
creases rapidly with depth in the tissue (Fig. 1), so the B particles do not attain radiation-
sensitive cells. The solubility of hydrogen in tissues is very low (2-10 vol.%), so the cor-
responding dose rate is not more than 2 x 10=°C ber/h in fatty tissue [7].

' Pinson and Langham's data [4] indicate that 7 x 10~° of the inspired TH is oxidized to
THO in the human body at rest. The TH uptake by gut bacteria is variable [ 4], so it is de-
sirable to introduce a safety factor of 3. Then on the basis of (1), TH in the atmosphere
produces the following expected dose due to THO: :

hruo=1500 litet/h C.7.4075.1,6.40% ber/pCi .3 =5.10-5C, ber/h, ' (3)

We emphasize that here we do not consider the absorption of THO vapor, which is usually
present in air along with TH.
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700 l\

$g,nCi /1iter

7 g 16 24 g2 -, days
Fig. 2. Specific activity Sy of
bound tritium in rat spleen after
the injection of 1 uCi/g of THO
(filled circle), ?H-glucose (cross),
and DL leucine-*H (open circle)[7].

TABLE 3. Biological Effects of ’H-Thymi-
dine in Mice

*H-thy
Biological test | midine -Standard.| Di rdg /] source
dose radiation| pCi. S
uCilg
Dominant lethal 7,5 X 20 Bateman,
; : Chandley,
mutations in - : 1962 i
male gametes C1=30 v, BT RE] Balanov and
Chetchueva, 1983
Carcinogenic 1—10 - Baserga ¢. 4.,
. 1968
effect, reduc- 1—-5 ¥, 89Co ‘ Johinson,
tion in average - . Y050 Ys%x;knc.
lifespan Clo,3—1,3 | v, svco Mewissen
. c. a., 1478
Damage to 1-40 |x, 200kV 6 Lambert,
spermatogonia 1. 1969
Fertflity reduc- 1 THO 2040 | Mowissen
tion in six v ¢. 4., 197
generations
Lethal effect 80~600 | THO . 4 Zhuravlev and
in 30 days . Kalyazina , 1979
Testicle t—20 , ?, S0 io [ dll :791\01411,
atrophy 130 oy, 189G 10 Balanov and .
i Chetchueva, 1983
Reciprocal 1—=30 | v, t7¢s | - ‘to. | Pomerantseva
translocations in » ' et al, 1983
spermatogonia

To calculate PCp, we equate the sum of (2) and (3) to the permissible dose rate PDR
for irradiation of the lungs: 12 x 10™% PCap ber/h = 15 ber/1700 h; so PCp ~ 70 uCi/liter.
On the other hand, PCj can be determined by comparing (3) with the PDR for the entire body,
which gives PCy = 60 uCi/liter. Table 2 gives the smaller value and values derived from it.
The new standards exceed those applying in the USSR by factors of 30, since we have taken

the critical organs as being soft tissues and lungs instead of skin irradiated from a half-
space [1]. .

Insoluble Tritium Compounds. In vitro experiments and ones with animals have shown
that when TiT or ZrT or a light-emitting material is in contact with an aqueous medium,
0.5-5% of the tritium activity passes into solution in the form of oxide [ 7, 9]. This
fraction produces irradiation, which has been confirmed in tests on volunteers. Light-

emitting materials also release simple organic tritium compounds, which. are rapidly ex-
creted and then produce doubled doses in the liver and kidneys {7].
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Over 90% of the activity is retained indefinitely in the main carrier, which is de-
cisive in the case of inhalation. Rats receiving TiT particles in normal respiration
showed no tendency to excrete the tritium from the lungs over a month [7]. Data given by
Bruk indicate that the tritium specific activity in the lungs of rats after the introduc-
tion of PS-A light-emitting powder was practically unchanged over 5 months. Both of these
substances are reckoned as insoluble under physiological conditions and assigned to class
D [2]. Similar properties occur in glass microspheres saturated with tritium as used in
laser fusion research [10].

The ICRP model has been used for substances of solubilityclass D [2] to calculate
the average tritium dose in human lungs from the inspiration of insoluble tritium compounds,
the value being H,L = 0.03 ber/uCi [7]. The doses in other tissues are lower by 3-4 orders
of magnitude. If we compare H,; with MPD = 15 ber/yr for the lungs, we get MPI = 500 uCi/
yr for insoluble forms of tritium. This value and the derived standards (Table 2) are much
more stringent than the standards for THO, and they contain a certain safety margin associ-~
ated with the heterogeneous extracellular distribution of the nuclide in the lung tissue,

Soluble Organic Tritium Compounds. There are hundreds of biogenic tritium compounds
produced and used in the USSR and in Comecon member nations. The standards (Table 2) are
based on the properties of the most frequently used and/or radiotoxic substances and are
extended to all compounds of this class, apart from nuclei-acid precursors. The compounds
used in the largest amounts are tagged amino acids, glucose, and steroids. A general fea-
ture of the tritium metabolism for these substances is the stable binding that occurs in the
synthesis of biopolymers, with the bound fraction of the nuclide retained for a long time
(Fig. 2), which increases the tissue dose by comparison with the absorption of THO. Some
of the tritium activity, perhaps a considerable fraction, is degraded to the oxide.

Studies have been made on the metabolism of over 20 tritium compounds in mammals.
These include compounds such as folic acid, cholesterol, amino acids, L-lysine, and tyro-
sine,whose tritium is virtually completely taken up by animal. tissues [7, 11, 12]. The
absorbed dose in soft tissue is then 2-3 times higher than from the intake of THO.

Experiments on mice have shown that the genetic effects from *H-glycine and °H~-glucose
are similar to those from THO and are completely determined by the level of the dose ab-
sorbed in the sex cells [7]. For this reason, we have transferred the maximum ratio of the
doses due to biogenic tritium compounds and THO (namely 3:1) to man: Hiymax ~ 5°10~° ber/
uCi. Then MPI = 1 x 10“ uCi/yr for oral administration. The permissible inhalation is
larger by a factor 1.5 on account of incomplete particle retention in the organs of res-
piration. '

Nucleic-Acid Precursors. The incorporation of these tritium-labeled substances is a
special case of extremely inhomogeneous tissue irradiation: a ®H-thymidine and other des-—
oxyribose nucleosides are incorporated into the chromosomes of S~phase cells in radiosen-
sitive tissues and subsequently selectively irradiate the nuclei. The concept of average
tissue dose is inapplicable here. A scheme has been devised for calculating the doses in
the nuclei of bone-marrow stem cells, which are responsible for radiation-induced leucosis
[13). An alternative approach is to compare the biological effects of *H-thymidine in mice
with those of a standard radiation [ 7], which enables one to avoid numerous assumptions
about the metabolism of the radiosensitive cell systems. The published information on the
radiotoxicology of *H-thymidine (Table 3) shows that injection of mice with this substance
at 1 uCi/g is comparable with the effect from a y-ray dose D; = 10-30 rad. Then by extra-
polation between species we get MPI = 2 x 10° uCi/yr for man on introduction into the cir-
culation or 3 x 10® uCi/yr on inhalation. On account of the degradation of °®H-thymidine
in the gut, the limits for intake with food are higher by a factor 3.

Tritium Surface Contamination. As the range of the B particles is short, firmly attached
surface contamination due to tritium does not represent a hazard and is not the subject of
standardization and monitoring. Amongst unfixed contaminants, one may distinguish volatile
molecular forms (sorbed TH and THO, or organic liquids) and nomvolatile particles. The skin-
contact incorporation of volatile substances is of little significance by comparison with the
aerial route. On the other hand, nonvolatile particles (light-emitting materials or micro-
crystals of tagged compounds) contaminate the skin directly, and the tritium thereby enters
the blood. The secondary generation of aerosols by ventilating air flows is also important.
The second path is the critical one for the most toxic forms of tritium, as for other radio-
nuclides [14]. The permissible surface contamination density PS, for nonvolatile tritium
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compounds is calculated by analogy with [14] andis PSp = 10~°® Ci/cm®. This value is higher
by an order of magnitude than the values for other more toxic B emitters [1}. A calculation
may be based on the irradiation of the body by the absorbed tritium and the local irradiation
of the skin [7], which shows that 10~° Ci/cm® is suitable also as a standard for skin contam-
ination of those professionally exposed. .

-All these standards have been accepted by the National Commission on Radiation Protec-
tion and have been confirmed by the Ministry of Health Care of the USSR. To introduce them
into use requires the development of adequate methodology and techanical facilities for dif-
ferential monitoring of the various forms of tritium in the environment and the human body.
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RADIATION CAPACITY OF A RIVER CONTAINING LITTLE DRIFT
ON SHORT-TERM RADIONUCLIDE DISCHARGE

.A. L. Kononovich UDC 621.039.7.14

In nuclear power station operation, it is important to protect nearby surface water
bodies, particularly rivers and streams, from contamination. At present, liquid radioactive
wastes are not normally discharged to such waters. Considerable practical significance there-
fore attaches to the environmental effects of -accidental and therefore brief radionuclide
discharges. ' '

In order to determine the doses to the population and also to the flora and fauna, it
is necessary to have information on the radionuclide distribution. Here we calculate the
pollutant distribution in bottom sediments in a river after a brief single discharge. The
reciprocal of this is called the radiation capacity [1] and is used to calculate the limit-
ing permissible nuclide discharge. 1In a short-time discharge, the radiation capacity is a '
function of time; in contrast to the stationary case, and has the dimensions of a volume.

Let there be an instantaneous discharge of radiocactive material at the initial instant.
The radionuclides in the dissolved state are rapidly carried away by the flow, and the brief
action of these, which is usually slight, can readily be calculated. Insoluble radioactive
particles deposit on the bottom and produce long—term contamination. The following model is
used to calculate this:

Translated from Atomnaya énergiya, Vol. 56, No. 2, pp. 98-100, February, 1984. Original
article submitted July 1, 1983. '
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-1, Two contamination phases are considered: suspended particles carried off in the
mass of the water and bottom sediments consisting of particles at rest on the bottom.

- 2. There is exchange between the phases, with the entry of the radionuclides into the
suspended phase proportional to the bottom pollution, while the entry of radionuclides into
the sediments is proportional to the concentration of suspended radiocactive particles in
the bottom layer -of water. Thé mass-exchange conditions are comnstant throughout the river
and do not vary with time.

3. Transverse migration of the suspended particles is assumed to be independent of
transport in the longitudinal directionm.

4., The rivers do not have persistent recirculation regionms.

5. The time required to set up a stationary depth distribution is determined by the
mass transfer between horizontal layers and is small by comparison with the equilibrium time
for the sediments and suspended phase. :

6. Reduction in the concentration due to decay is neglected.

The last point means that the suspended—partlcle concentration in the bottom layer is
proportional to the concentration averaged over the vertical, i.e., the treatment can be
two-dimensional. We choose a coordinate system in which the x axis is directed along the
flow and the origin lies at the point of discharge.

It follows from condition 3 that the contamination distribution within the bed can be
represerited as the product of two independent functions, the first describing the longitud-
inal transport and the exchange between the phases and being dependent only on the x coor-
dinate and time, while the second is a correction one and characterizes the transverse tur-
bulent diffusion and the dilution due to the influx of pure water (groundwater and tribu-
tories). Here we consider the first of these factors.

The above model gives us‘the following formulation:

0q

rra '—v_—-“q%ﬁ“

(1

a" =aq —Bp.

Here q is the concentration of suspended radiocactive particles averaged over the vertical; p,
radionuclide concentration inbottom sediments; v, flow speed; and « and B, kinetic constants
that describe the mass transfer between phases. The values are dependent on the hydraulic
particle size and on the flow spezd.

The initial and boundary conditions at the instant of the primary discharge are de-
scribed by

Q(‘z" O) =0:
7 (0, )=0Qu8(t);
p(z, 0)=0; v ()

p (0, ) =7 468 (¢),

where Qo is the amount of material discharged.

At this stage, we can neglect the secondary contamination of the water by the sediments,
since the particle concentration in the water at that time is substantially above the equi-
librium value. We then get that the particle distribution at the bottom is described by the
following when the primary contaminated water has passed:

ps, (.1:) Z-Ql()—)q_ e—(a/v)x

We note that the passage time for the primary pulse is small by comparison with the time scales
" of the following processes. Subsequently, the boundary and initial conditions can be put as
follows: ' a ’
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| concentrations in the sediments are expressed
as fractions of the contamination at the point
of discharge at the initial instant. :

| . i ' o (=, 0) psl (z);

ap (z, O
"+’— —ﬁps‘ ().

The solution is bounded at infinity.

The solution to (1) with the boundary conditions of (3) was derived by operational
methods. The result is not given here because it is. cumbersome. We used an asymptotic
expansion in powers of 1//t for practical calculations:

o (Breew) | Pt N
PUp )= e — R (=8 (V) ) LeviEw). @

Here the dimensionless variables are

A=V vViFi—y;
B=V¥+1+y;

and I,(r) is the modified Bessel function of order n.

The graph for (4) is a curve with one maximum, ﬁhich -gradually moves‘along the flow di-
rection. The following expression defines the speed of the maximum at large values of the

argument (4} ¢ (t—p) (v—P)=4 I/-“th > 1)

B -
w:a_{_ﬁ v.
The maximum value at large distances is
aQ, _ QVea

where x is the observation coordinate.

To calculate the radiation capacity, we need to know a and B, but at present experi-
mental data are lacking. Therefore, the values of « and B were determined by an indirect
method based on results on river hydraulics. System (1) can be reduced to familiar models
for river drifts on the basis that the density of the bottom sediments changes very slowly
during deposition or erosion if the material is homogeneous. In that case, the second equa-

tion becomes unnecessary, while the first becomes a particular case in several models [ 2-6]
if one assumes that

| | . s = "AV4JT V bm (T —%in) B ‘/4—3—0; ’ o . )
|
|

109

e Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6

. 'ﬁ—ps'—l h, ‘
‘where pg is the density of the bottom soil; Pg, turbidity averaged over the vertical, corre-
sponding to the carrying capacity of the flow; and h, river depth.

. The value of a can be determined by comparing the solution to the first equation in (1)
with Karaushev's model [2]:

where u is the hydraulic particle size and T 1is the hydromechanical parameter.

We calculated the function of (4) for the particle fraction of size 0.03 mm with pg = _
1.5 tons/m®, particle density 2.3 tons/m®, h = 2 m, and v = 0.4 m/sec. This gave a = 2 » 107°
sec™*and B=1 x10~% gsec~?, These values are only approximate, since the models for dr:ft
transport are conflicting [5]. Figure 1 gives results normalized to the specific activity of
the bottom sediments at the initial instant at the origin,

_ To calculate the radiation capacity of -a particular river, it is necessary to consider
the dilution due to the influx of clean water and the mixing. The final expression for the
radiation capacity at large distances from the discharge point is :

where % (x) 1s the ratio of the flow rate at a remote point at distance x to the flow rate
at the discharge point, p(x, t) is the function calculated from (4) with Qo = 1, and w is
the active cross section of: the river at the discharge point. The point x is chosen on the
basis of the economic use of the river.

To apply these results, it must be borne in mind that the values forecast from this
model for distances of some tens of kilometers are approximate: the error may attain 1.5-2
orders of magnitude if one uses the values calculated for a and B, because our knowledge
of suspension and sedimentation for insoluble particles is inadequate. The various models
- diverge in their estimates of the carrying capacity by more than an order of magnitude (p.
205 of [5]), and therefore one should use values of a and B for practical purposes that
have been determined by observation on a particular river during the first few days. Then
. the forecast values for a river with little sediment at distances of ~100-200 km from the
discharge point will differ from the observed ones by only factors of 2-3.

The main result here is the conclusion that the maximum contamination of the sediment
as a function of distance does not vary exponentially, as has been assumed in many calcula-
tions, but is inversely proportional to the square root of the distance. Therefore, a con-
taminated zone may be found at considerable distances from the discharge point. This fea-
ture should be borne in mind in organizing radiometric monitoring. ‘
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LETTERS TO THE EDITOR '

DIAMOND DOSIMETER OF PULSED GAMMA RAYS

Z. A. Al'bikov and N. I..Terent'ev UDC 539.12.08

In measurements of photon radiation with a quantum energy of no more than 10 MeV, the
kinetic energy released (kerma) in air can be considered as the energy equivalent of the.
exposure dose since the fraction of the energy expended by secondary electrons on brems~
strahlung does not exceed a few percent [1l, 2]. Measurement of the exposure dose (and the
dose rate) of pulsed fields of photon radiation poses considerable difficulties when the.
pulse duration is on the order of 10~® sec or less, the dose rate is greater than 10° C/
kg'sec, and the energy is higher than 3 MeV. The principal difficulties encountered in
carrying out these measurements are due to the lack of dosimeters attested for these ranges
of intensity, duration, and energy. In our view, for such measurements one could recommend
a high-speed air-equivalent dosimeter, constituting a solid-state analog of a wall ionization
chamber, which has a sensitive diamond element [3]. For the glven energy range with a proper
choice of thickmess of tissue-equivalent materials surrounding the sensitive element elec~-
tronic equilibrium is established in it and the energy absorbed in the sensitive element is,
in an approximation sufficient for measurements (except for small bremsstrahlung losses),
equal to the kinetic energy released in the air at the site of installation of the dosimeter.
Such dosimeters have been designed, fabricated, and used to measure dose fields in some
bremsstrahlung sources.

For pulsed measurements the following dosimeter characteristics are the most important:

‘the dose sensitivity and the error with which it is determined, the pulsed characteristic

and the time resolution, the energy dependence of the dose sensitivity (EDS), the amplitude
characteristic, and the radiation resistance. The procedure for determining the sensitivity
of diamond dosimeters to static radiation on a UPGD-2 standard apparatus as well as the
method of determining the time resolution and the results thus obtained have been discussed
in [4].

_Fig. 1. Oscillogram of a pulse from a diamond .
dosimeter under the action of a short bremsstrah-
lung pulse. The frequency of the sine-wave
marker is 833 MHz.

TABLE 1. Characteristics of Diamond Dosi~

meters
No, of . Dose sensitivity, Time resolution,
dosimeter kg nsec
K-4 3,110~ 0,4
1-3 9,4-1077 0,4
V-8 4,7-40-% 1,2
" 1V-8 2,5-40-3 1,4

Translated from Atomnaya énergiya, Vol. 56, No. 2, pp. 101-102, February, 1984. Orig-
inal article submitted February 5, 1982,
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IABLE 2. Comparison of the Readings of
- Diamond and Thermoluminescent Dosimeters

(TLD)
Max, dose rate measured Dose in a pulse, C/kg
by a diamond dosimeter, diamond |
k TLD . !
C/ grsec dosimeters,
2,2-108 3,4-1072 3,9.10-3
2,810 7,510~ 7,2.40-3
3,410 8,8-10-0 7,0-10-3
7,710 1,1.40-1 1,4-10-1
3,1-10% 3,6-10-2 2.8.10-2
4,1.10¢ 6,2.1072 5,2.10°2

The dose sensitivity of dosimeters is determined from the measured current—voltage
characteristic (I-V curve); in the given case this is called the dependence of the sensi-
tivity on the supply voltage. Fordos1metersoperatingwithtotalcarriercollectiontheI—Vcurves
are practically independent of the supply voltage and in this case, within the limits of mea-

- suring error, the sensitivityof the dosimeters corresponds to the design value; in dosi-
meters operating with incomplete carrier collection the I-V curve has a slope and the sensi-
tivity is less than that calculated for total collection. Table 1 gives the values of the
.'sensitivity of some dosimeters at an operating voltage of 700 V. The error in the deter-
mination of the sensitivity does not exceed t13% at a confidence coefficient P = 0.95,

The time resolution, defined as the full-width at half-maximum of the pulsed charac-
teristic, depends on the sensitivity of the dosimeters (see Table 1). The oscillogram of
a pulse from dosimeter K-4, which was obtained during investigation of the time resolution
on an apparatus generating a bremsstrahlung pulse with a full-width at half-maximum of
. (0.34 £ 0.1) nsec, is given in Fig. 1.

It was experimentally established that diamond dosimeters are linear in the dose-

rate range from 3:10”7 (during calibration) to 3:10° C/kg-sec (in pulsed measurements). The
maximum values of the linear current are 1-6 A, depending on the dosimeter. The calculated
" energy dependence of the sensitivity of a diamond dosimeter with a graphite substrate 10 mm
thick is given in Fig. 2. It is seen that at an energy of 0.2-10 MeV the deviation of the
energy dppendence of the dose sensitivity does not exceed *15% of the sensitivity to 1.25-
MeV radiation. This dependence was verified experimentally with °°Co and '®’Cs sources and
bremsstrahlung with a limiting energy varying in the range 4-25 MeV. Within the limits of
" measuring error (+15%) the experimental data coincided with the calculated data. Table 2
" compares the readings of diamond and integrated thermoluminescent dosimeters for several
high-intensity pulses. The results of the measurements indicate that the readings of the
dosimeters coincide to within 20-30%. The radiation resistance of diamond dosimeters is es-
timated at no less than 10 rd (1 rd = 0.01 Gy) [5].
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The characteristics presented here show that a diamond dosimeter, which is suitable for

measurements of steady-state radiations in units of exposure dose, makes it possible to make

measurements to within +20% of the kerma rate and the kerma in air by pulsed photon radia-
tions over a wide range of dose rates (10~%-107 C/kg-sec), pulse duration (up to 107° sec),
and energy (up to 10 MeV).

In conclusion, we should point out that in dosimetric measurements oh pulsed sources
more reliable results, in our-opinion, are obtained by recording the shape of the radiation
pulse over time with subsequent integration than are obtained in integrated measurements in
which it is necessary to substantiate the linear dependence of the measured dose on the ra-
diation dose rate.
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ERROR OF THE REICH-MOORE FORMULA FOR NEUTRON CROSS SECTIONS .
I. I, Surina : - . UDC 539.125.5.162.3
The values of the neutron cross sections c(f)(E) are given by'the exact formulas of the

Wigner—Aizenbud R-matrix theory [1l]. For the cross section for fission with one fission
and one radiation channel extensive use is made of the Reich—Moore approximation [ 2] which
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Fig. 1. Fission cross section for **°U near one
level (EA= 57.821-65.79 eV: spin of level J =
4) from exact formulas [1] and from the Reich—
Moore formula [1}.

Translated from Atomnaya Energlya, Vol. 56, No. 2, pp. 102-103, February, 1984, Orig-
inal article submitted January 10, 1983. '
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determines q(f)(E) with some error. We give the result of numerical investigation of this
error. : : :

For the ?°°U fission cross section the values calculated from the exact formulas and
from the Reich—Moore formula, with the same level parameters, are compared. The range of
neutron. energies over which the error was investigated was 5-100 eV. The relative errors
were calculated at all points with respect to the energy E. Figure 1 shows a characteristic
portion of the cross section in. the proxlmity of one level. The conclusions about the
properties of the error are as follows: :

1. At the points E = E) the error is low, about 1%.

2. At points close to E) the error can reach 25%. The displacement of the positions
of the levels is 0.05 eV.

3. 1In the regions ‘between levels the error can exceed 300%.

4. With an increase in the number of levels, the interference between which is taken
into account, the error of the Reich—Moore formula increases..

5. The error of the resonance integrals is small, no greater than 0.2%.

Thus, the use of the Reich—Moore formula leads to large errors in the cross sections and
the displacement of the positions of the levels, although it does permit the computation
time to be reduced substantially. Upon calculating the cross sections for reactors, whose
parameters are estimated in the Reich-Moore approximation, their use in exact formulas leads to the
errors determined numerically here. The results presented here were obtained after the
development of a method of calculating cross sections from the exact formulas of the R-
matrix theory.

The authors are grateful to V. I. Mostov and A. P. Petrov for valuable discussions and
to G. N. Antonova for assistance in carrying out the calculations on a computer.
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APPLICATION OF GAS—-CONTROLLED HEAT PIPES IN NUCLEAR TECHNOLOGY

I. G. Gverdtsiteli, A. G. Kalandarishvili, o UDC 621.039.546
’ V. A. Kuchukhidze, and P, D. Chilingarishvili. ' :

Heat pipes are currently used in nuclear technology primarily for cooling nuclear and
isotopic reactors [1l]. Heat pipes with variable thermal conduetivity, so-called gas-controlled
heat pipes (GCHP), are used in technology for thermal stabilization of different gbjects_[Z].

In this paper we examine the possibility of using GCHP fdr obtaining vapors of alkali
metals, for controlling burn-up of nuclear fuel, and as a neutron flux integrator.

Use of GCHP for Obtaining Vapors of Alkali Metals. 1In [3] a setup was proposed for
obtaining cesium vapor with the help of a heat pipe for controlling the parameters of
‘thermal-emission energy converters. The most promising is a cesium source based on GCHP,

The fundamental possibility of creating such a source was demonstrated in [4)}. A peculiarity
of its construction is the vapor-discharge pipe, which connects the volume of the adiabatic -
zone of the GCHP to the working volume of the thermal-emission energy converters.

Figure la shows a design in which the vapor-discharge pipe is constructed in the form
of a pilot tube and is directed along the motion of the vapor flow of heat carrier. The
pressure of the alkali metal vapor is measured with the help of an electrical discharge
pressure sensor at the outlet of the vapor-discharge pipe.

The basic characteristic of the source — the dependence of the vapor pressure of the al-
kali metal (cesium) pCcg at the outlet of the vapor-discharge pipe on the pressure of the
noncondensing gas (NCG) in the gas reservoir of GCHP - is shown in Fig. 2. The dependence
PCs = E(PNCG) was experimentally obtained for different values of the thermal power Qe, in-
jected into the evaporation zone of GCHP.

Two different sections are observed in these graphs. In the region of low pressure
of NCG the cesium pressure is practically independent of PNCG. At higher pressures the
dependence is linear and conforms to the equation pgg = pNCG * ’

\ - These regularities are explained by taking into account the acoustic limitations of the
power transmitted by the heat pipe. As is well known, the change in the NCG pressure in the
reservoir propagates along the heat pipe with the velocity of sound. For this reason, when
the vapor flow of heat carrier reaches the acoustic limit the change in pressure in the gas
reservoir does not reach the location of the vapor-discharge pipe, and therefore, the vapor
pressure does not depend on pycg. The deviation of the curve with Qg = 30 W in Fig. 2 below
the line pcs = Pncg is related with the low intensity of the heat input to the evaporator of
the GCHP, as a result of which the vapor—gas interface drops below the vapor—discharge pipe
and the noncondensing gas enters the volume of the electrical discharge pressure sensor.

_ It was shown in the experiments that sources of alkali metal vapors based on GCHP
have the following basic advantages over other analogous sources:

1. Variation of the heat power introduced into the evaporation zone over a wide range
(1:5) does not affect the alkali metal vapor pressure. .

2. The vapor pressure of the alkali metal is controlled by a noninertial method by
changing the NCG pressure in the gas reservoir of the GCHP.

3. A change in the temperature of the isothermal zone of the GCHP is caused by a change
in the NCG pressure in the gas reservoir in accordance with the vapor pressure curve of the
alkali metal used as the heat carrier.

Together with thermal-emission energy converters, different variants of cesium vapor
sources were tested and their long-term operational lifetime was demonstrated.

Translated from Atomnaya énergiya, Vol. 56, No. 2, pp. 103-104,7Februaty, 1984. Orig-
inal article submitted February 7, 1983. :
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Fig. 1. Diagram of setups based on a gas-controlled heat pipe for obtaining vapors
of alkali metals (a), for controlling burn-up of nuclear fuel (b), and as a neutron
flux integrator (c): 1) evaporation zone; 2) isothermal zone; 3) condensation zone;
4) noncondensing gas; 5) wick; 6) vapor-discharge pipe; 7) gas supply pipe; 8) tem-
perature sensor; 9) neutron absorber.

Fig. 2. ‘Dependence of the’ cesium vapor pressure at the outlet of the vapor-discharge
pipe on the noncondensing gas in GCHP for a thermal power Qe introduced into the evap-
porator equal to 30 (O); 56 (A); 68 (0); 96 (¢) and 126 W (v).

Use of GCHP. for Continuous Control of the Degree of Burnup of Nuclear Fuel and as a
Neutron Flux Integrator. The possibility of determining the degree of burnup of nuclear
fuel by nondestructive methods by means of accumulation and quantitative measurement of the
total effect of burnup monitors (y activity, thermal effects, etc.) is examined in [5]. The
measurement of the burnup of nuclear fuel by these methods involves the undesirable neces-
sity of extracting spent fuel elements from the reactor. The possibility of estimating
the degree of burnup of the nuclear fuel in fuel elements during the course of reactor op-
eration according to the accumulation and quantitative measurement (pressure) of gaseous
fission products (GFP) in GCHP is examined below.

The conditions of operation of measuring instruments in the active zone of the nuclear
power reactors do not permit placing pressure sensors directly adjacent to the points at
which measurements are made within the active zone [ 6]. Figure 1b shows a diagram of a
possible design for monitoring the degree of burnup of nuclear fuel. The CGvolume of the
heat pipe is connected by means of the gas input pipe 7 to the volume of the fuel element.
The pressure of the gaseous fission products, which by diffusing into the fuel enter through
the pipe into the gaseous reservoir of the heat pipe and create a pressure change in it by
an amount Ap, increases in proportion:to the burnup of nuclear fuel [7]. Because.p = PNCG,
this changes the vapor pressure of the heat carrier by the same amount. According to the
dependence p =¢ (T), the change in the vapor pressure of the heat carrier affects the tem-
perature in the isothermal zone of the heat pipe. Thus the temperature of the isothermal
zone of the GCHP can be a measure of the degree of burnup of the nuclear fuel.

The pressure of the GFP in the fuel element is proportional to the fluence of thermal
neutrons. Therefore, it is possible to determine the fluence of thermal neutrons by mea-
suring the pressure of the GFP. It is also possible to make an integrator of thermal neutron
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flux based on GCHP. The structural design is shown in Fig. lc. A fissioning material 9,
whose daughter nuclei are stable or metastable GFP, is placed in the evaporation zomne 1.
The GFP carried away by the flow of heat carrier enter the reservoir 4. This changes the
temperature of the adiabatic zone of the heat pipe. .

Using the equation of state of an ideal gas and the expression for determining the amount -

of liberated stable GFP [ 8], it is possible to obtain the dependence of the fluence F on the
GFP pressure pycg in the gas reservoir:

P PNCG'NCG

- YVf [z) & NCGEG/

where VNcGg 1s the volume of the gas reservoir, cm®; Y, relative output of stable gaseous
products per act of fission; Vg, volume occupied by the fissioning material, cem?; [x],
concentration of fissioning material, atom'cm™®; og, fission cross section of the fissioning
material, cm~?; k, Boltzmann's constant, J*K™*; TneG, temperature of GFP in the gas reser-
voir, equal to the temperature of the heat carrier in the reactor setup, . °K; E, relative
fraction of GEP liberated from the fissioning material.. The value of PNCG» entering into
the equation presented above, is easily determined from the value of the temperatute of the
adiabatic zone of the GCHP. :

‘As follows from the dependence obtained, the sensitivity of the thermal neutron flux
integrator can be optimized to an acceptable accuracy by increasing the concentration (en-
richment) and volume of the fissioning material. Thus, having placed the sensitive element
of the neutron integrator (GCHP evaporator with a neutron absorber) into the active zone of
the reactor, the fluence of thermal neutrons can be measured by measuring the temperature of
the isothermal part of the GCHP.
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REACTOR TESTS OF A NEUTRON-FLUX REGULATION SYSTEM BASED ON
LAYERED COMPOUNDS OF PYROLYTIC GRAPHITE WITH CESIUM

I. G. Gverdtsiteli, Yu. A. Bunchin, UDC 621.039.515
A. G. Kalandarishvili, M. N. Korotenko,

Yu. N. Krasik, S. D. Krivonosov,

B. A. Mskhalaya, and A. V. Nikonov

This paper is concerned with the results of an experimental check of the absorption
method of regulating the neutron flux density with the help of layered structures, the
basis for which is given in [1]. Experimental investigations performed with the use of ac-
tivated carbon—cadmium [ 2] and activated carbon—boron trifluoride [ 3] have confirmed the
effectiveness of the absorption method, based on absorption of substances by the surface of
solids. In contrast to previously studied pairs, the absorbing screen in the case of layered
structures is formed with absorption and penetration of neutron absorbing substances into
the bulk of the structure of a neutron-transparent matrix, for example cesium in pyrolytic
graphite. In view of the fact that the use of different neutron absorbing substances
greatly affects the neutron. spectrum due to the different spectral dependence of the ab-
sorption cross section of sorbates, as well as the temperature regime of operation of the
sorption screen, it is necessary to perform thermal and reactor investigations of different
sorption pairs in order to select the optimum composition for each specific problem.

We investigated an ampul with the absorbing screen made of pyrolytic graphite and ces-
ium in a cell of the beryllium reflector of a VVR-M reactor at the Institute of Nuclear
Research of the Academy of Sciences of the Ukrainian SSR.

The ampul is constructed in the form of two cylindrical cavities, placed in a housing
8 and connected bya pipe 4 (Fig. 1). A collection of rings made of pyrolytic graphite 6
with the crystallographic axis c oriented parallel to the generatrix is placed in the cavity
9. The cavity 2 serves as a source of cesium vapor. We used the central tube 1 to place
the sensors of the neutron flux density beyond the absorption screen. The attenuationof the
neutron flux depends on the specific content of absorbate in the absorbent, which, in its
turn, is due to the temperature of graphite and cesium. In order to form a given temperature
field, electrical heaters were placed on the neutron flux density regulator 9, the cesium
feed 2, and the connecting pipe 4. We monitored the temperature with the help of chromel—
alumel thermocouples. We measured the cesium temperature with a thermocouple fastened by
contact welding in the pipe 3 (diameter 6 mm), which was washed on all sides by liquid
cesivm. To measure the graphite temperature, we used thermocouples built into the thin
copper inserts 7, placed between the graphite rings. The leads to the thermocouples were
output from the cesium volume through the hermetically sealed input leads 5. This position-
ing of thermocouples permitted measuring directly the temperature of the graphite and of the
cesium and following the kinetics of the phase composition of the layered compound [ 4].

We measured the density of the neutron flux beyond the screen with the help of two
DPZ-1p direct charge detectors, triplets (Cu, Au, Lu) of precalibrated activation detectors,
as well as copper wire with a diameter of 0.11 mm, Irradiation of the copper wire per-
mitted obtaining more complete data on the profile of the neutron flux along the height of
the ampul. DPZ-lp detectors, one of which was placed in the housing 8 (see Fig. 1) and the
other was placed in the active zone of the reactor adjacent to the experimental cell, served
as monitors of the unperturbed neutron flux density. During the experiment we measured the
thermal neutron flux density beyond the screen with different concentration of cesium in the
graphite. The results of activation measurements are presented in Fig. 2.

The pyrographite is saturated with cesium only along the crystallographic axis.c, i.e.,
vertically over the collection of pyrolytic graphite rings. The maximum height of the layered

Translated from Atomniya ﬁnergiya, Vol. 56, No. 2, pp. 105-106, February, 1984. Orig-
inal article submitted July 1, 1983.
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Fig. 1. Diagram of the experimental ampul for regulating
the neutron flux based on a layered compound of pyrolytic .-
graphite with cesium (all dimensions are shown in mm).
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Fig. 2. Profiles of the thermal neutrén flux density over the height of the
experimental ampul without an absorber (1) and with an absorber with phase
composition of layered compound Cs¢Cs + C2.Cs (2) and C,;,Cs + CoCs (3, 3').

Fig. 3. Degree of attenuation of the flux density of thermal neutrons over
the height of the ampul with different phase compositions of the layered

compound: 1) pure graphite; 2) C3eCs + C3.C8; 3) C3sCs + C4Cs; —~ -) data
in [1]. ' '
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compound for all stable phases is marked by the arrows on the abscissa axis in Fig. 2.
Curve 1 corresponds to a relative distribution of thermal neutron flux demsity in the up-
per half of the active zone without the absorber and curve 2 corresponds to a phase com-
position of the layered compound obtained with technological assembly of the ampul during
recondensation of cesium from a bench 'still in the feeder. According to the measured tem-
perature changes of the graphite and cesium, curve 3 corresponds to the maximum saturation
by cesium of the pyrolytic graphite obtained during the investigation, i.e., to the phases
C;zCS + CgCé.

The relative distribution of the flux density of thermal neutrons (see Fig. 2, curve
3)) was obtained based on a calculation by the method of smoothing the induced activity of
the copper wire, irradiated together with foil activation detectors with a phase composition
of the layered compound corresponding to curve 3, by the moving triplet. Starting from the
relative distributions of the thermal neutron flux density and assuming that the boundary
of the perturbation of the neutron flux coincides with the upper cutoff of the compound
formed by the pyrolytic graphite and cesium, it may be assumed that curve 2 (see Fig. 2)
corresponds to the phase composition of the layered compound Cs¢Cs + C,.,Cs, while curve 3
corresponds to C;2Cs + CgCs. Figure 3 shows the decrease in the flux density of thermal
neutrons calculated as the ratio of the perturbed and starting fluxes. The measured degree
of attenuation of the flux density of thermal neutrons with different phase compositions of
the layered graphite compound agrees well with the computed data [1].

Thus, the computed characteristics of the degree of attenuation of the flux density of
thermal neutrons have been experimentally checked for different phases of the layered com-
pound formed by pyrolytic graphite withcesium, and the possibility of precision regulation
of the flux density of thermal neutrons by the absorption method has been demonstrated.
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HYDRODYNAMIC CHARACTERISTICS OF A DISPERSELY ANNULAR
GAS—LIQUID FLOW IN ANNULAR CHANNELS

G. V. Alekseev, N. A. Gromov, ) . UDC 532,542
Yu. I. Dzarasov, and S. Yu. Orlov

The results of an experimental investigation of the effect of the geometric dimensions
of a channel, the:physical properties of the liquid and the gas, and the flow parameters on
the brightness distribution between the core of the flow and the films on the tube and rod
. as well as on the hydraulic drag are given in this paper. The experiments were conducted
" on a test stand which consisted of closed liquid and open air loops. The liquid and gas
passed through filters, measuring diaphragms, and a system of reference and regulating valves
into mixers mounted at the entrance to the experimental sections, which are vertical annular
channels 25 x 13,5 and 52 x 30 mm in diameter and 4-5 m in length. The spacing of the rods
is accomplished with the help of studs distributed uniformly around the periphery in threes
" on the same level with a spacing of 400-500 mm. Volume separators were mounted at the extt
from the channel.

The flow rate of water in the films on the tube m, and the rod m, were determined in the
region of the steady-state flow regime of the mixture. To this end a procedure was adopted
for the selection of samples from the boundary layer of the flow through a.porous insert.
Tubes and rods perforated around the entire perimeter with holes were used as samplers in the
tests along with porous inserts made out of a nickel alloy. The construction of samplers is

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 106-108, February, 1984. Original
article submitted February 21, 1983.
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Fig. 1. Dependence of the specific flow rate of liquid
in a film on the reduced air velocity at p = 0,18 MPa,
G7 = 380 kg/(m*+sec) in an annular channel 52 x 30 mm -
in diameter: O T, and ® T, for uz = 1 x 10™° Pa-sdc;
25 %x 13.5 mm in diameter: o T; and ®. T, for yz = 1 x
10~® Pa‘sec; © I'; for W = 3 x 102 Pa‘sec; A) rz and
A) T, for yz = 8 x 1072 Pa-‘sec.

described in [1l], and the identity of the measurement procedure and the results of determin-.
ation of the flow rate of liquid in a film is shown experimentally with the help of porous
and perforated inserts.

After selection of the samples the pressure differentials were measured by a differen-
tial manometer on a section located in the region of steady-state flow. The pulse lines
were equipped with settling tanks for the removal of air from them. The experiments were
performed in the following ranges of the regime parameters: reduced velocity of the gas

= 15-85 m/sec; specific mass flow rate of liquid G; = 50-2000kg/(m*‘sec); working
pressure in the channel p = 0.18-0.3 MPa* Water and water—glycerine solutions with a 35%
and 55% glycerine content by volume were used as the working liquids. The viscosity of -
the liquid varied in the range uz = (1-8) x 1072 Pa-sec.

This paper is a continuation of [2], in which a dependeénce on v, of the flow rate of
water in a film on a tube and oh a rod in an annular channel 25 x 13.5 mm in diameter at a
working pressure of p = 0.3 MPa was shown for different values of Gy, It was noted thatthe
nature of the dependence is in agreement with the test data obtained on tubes.

The test data are presented in Fig. 1 in the form of a dependence of the specific flow
rate of liquid in the film on a tube I'; and a rod T, (I'" is the flow rate in the film on a unit
length of the wetted perimeter) on the reduced air velocity in the channel for fixed values
of the specific mass flow rate of the liquid. It follows from Fig. 1 that T'; is appreciably
larger than T',, which is probably associated with the different curvature of the tube and rod
surfaces. An increase in the equivalent channel diameter deo leads to an increase in T; and
I, for the identical values of Gz, v, and uz; this difference decreases noticeably as v, in~
creases. On the other hand, the effect of the viscosity of the liquid on T'; and T', increases
as v, increases and leads to a significant increase in the specific flow rate of liquid in
the films in the region of large wvelocities. One can note that no effect of the viscosity
of the liquid on T';/T, has been detected. Evidently a change in the viscosity of the liquid
leads to a proportional change in these parameters.

It has been established during the measurement of the pressure differentials in the work-
ing sections that as the flow rate of gas and liquid and also the viscosity of the liquid in-
crease the pressure losses along the channel length increase. 'The pressure losses to fric-
tion were determined from the total pressure differences measured in tests after subtraction
of the leveling pressure head. The density of the mixture was calculated in terms of the
volume flow gas content B:
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Fig. 2. Pressure losses to friction in the flow of a
gas—liquid mixture in an annular channel 25 x 13.5 mm
in diameter: o p = 0.3 MPa, air + water; " 0.18 MPa,
air + water; © 0.18 MPa, air:+ solution (65% water +
35% glycerine); ® 0.18 MPa, air + solut10n(454water+
557% glycerine); 52 x 30 mm in diameter: 1 0.18 MPa,
air + water; 25 x 10 mm in diameter [3]: & 2.2 MPa,
argon + water.

where Pg and p7 are the densities of the gas and liquid, respectively.
The following dependence (dimensions in the SI system):
Apfr _ 9.65.10-2 ‘ '
I (@070 . _ (2)

was proposed in [3] on. the basis of extensive test material obtained during investigation
of the flow of argon—water mixtures in vertical annular channels 25 x 10 and 25 x 15 mm in
diameter in the 0.1-2.15 MPa pressure range in the working sections and for a specific mass
flow rate of the mixture of 300-2000 kg/(m®-sec).

The specific volume of the mixture v in formula (2) is deflned in terms of the mass
flow gas content x:

- v=0 (1—2) vz, M)

where vz and vg are the specific volumes of the liquid and gas, respectively.

Satisfactory agreement of the test data obtained in this paper with formula (2) has
been established in the analysis of the data only for the case of the flow of air-water mix-
tures in an annular channel 25 x 13.5 mm in diameter, At the same time an increase in the
equivalent diameter of the channel and the viscosity of the liquid leads, other conditionms
being equal, to a decrease and an increase, respectively, in the losses to friction in com-
~ parison with the values calculated from formula (2). Thus one can assume that the peculiar-
ities of the channel geometry as well as the physical properties of the liquid are not taken
into account to a full extent in this formula. The viscosity of the water was practically
constant in the tests [3]. The effect of the geometrical dimensions of the annular channel
cross section is reflected in the dependence (2) by the equivalent diameter do. However,
variation of the curvature of the walls of an annular channel is not taken into account by
this parameter. The hydraulic drag in the flow of a two-phase dispersely annular flow is
determined by the structure of the film surface, which in turn depends on the curvature of
the channel wall.” As was noted above, I'; > I',, and therefore the pressure losses to fric-
tion should be determined mainly by the structure of the film surface flowing on the tube.
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The dependence (2) was refined (dimensions in the SI system) in the analysis of the
test data of this paper with account taken of the variation of the viscosity of the liquid
and the geometrical dimensions of the annular channels:

Apfr 1.3 3 3 0.2
—Az—=r(a )73 (Lt 5} _ . (4)

| where D is the diameter of a tube of the annular channel.

The experimental data of this paper and the data of [3] obtained in an annular channel
25 x 10 mm in diameter with a working pressure of 2.2 MPa in the channel are presented as
an example in Fig. 2 in generalized coordinates. The dependence (4) generalizes the test
points with an error of *18%. :

The authors are grateful to V. F. Semenenko for participation in the experiments.
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RADTOACTIVE CONTAMINATION.SPREAD BY
TRANSPORTATION MOVING ALONG ROADS

V. E. Vostrukhov and A. F. Lyzlov o ' UDC 613.169.16‘

| : Considerable practical significance attaches to radionuclide transport over the surface
of the soil. For example, a study has been made { 1] of the possible spread of radioactive
substances from locally contaminated areas due to the movement of people and transportation.
A general solution represents some difficulty, on account of the nonlinearity in the initial
transport equation. It is therefore important to choose a reasonable model allowing the
equations to be solved analytically or numerically. The criterion for the reasonableness
is of course experiment. ' ' ' '

The following assumptions are made:

1. The change in contamination level on the road is due to the contact with the wheels
of vehicles moving in one direction and is defined by the constants A, A;, and A;. Here A is:
the adhesion-transport coefficient [2], while A, and. A, define the residual contamination on
the road and wheel correspondingly. There is no wear on the wheel rubber or any other trans-
port mechanism for the radionuclides and the road material. All the wheels have the same
diameter d. ‘ : ' .

2. The surface contamination source contains radionuclides whose half-lives are larger
than the transport times for the distance considered, and it has zero thickness, while the
transverse dimensions are determined by the sizes of the carriageway on which the vehicles
move. The contamination level in the source is known.: ‘ '

] With these assumptions we get the following system of difference equations for the
| change in contamination level of the road R(m, n) and a wheel W(m, n) where m is the number
of wheels and n = x/nd, where x is the distance to the contamination source:

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp: 108-109, February, 1984. Or-
iginal article submitted August 8, 1983.
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Fig. 1. Change in road contamination level
R(m, n) in accordance with the distance n
from the source and the number m of wheels
passing: a) radionuclides transported from
a local source; b) for W(m, 0) = Ro = const,

22 vmm >> 1. _
Wm4-1, n--1) =w(m+1, n)—k [AW(m -{"1, ny—MR{m, B ' , (l) :
R.Am-+1, n)== R (m, n)—-A[AR (1, 0)— A W(m + '1.’, 'l)"]- : (2

Here R(0, n) is the road contamination level before the vehicles pass. The solution is of
the main interest for n >> 1, m >> 1, and when these conditions are obeyed, m is a continuous
parameter, while (1) and (2) reduce to a first-order differential-equation system:

' {éw‘rn'—{-l, n)[On ==& [AyR (my n)=AyW(n-+1, n)]; . 7 3)
OR(nty n)/Om < & [AyW(m+ 71. n)-=iyR (m, n)l; .
. . n®»l, m>1. . (4)

We consider the radionuclide transport from a local contamination source AS(m) §(n), where A
is the total activity in the source and §(m) and §(n) are Dirac § functions {3]. Then sys-
tem (3) and (4) becomes

{ OW (me=-1. n)/dn ==L (AR (m, n)— AW (m-+1, n); ' ’ (5)
OR (nz, J/dm=:h [AW (m+1, n)—A4R (m, n)]+ v (6)
: . + A8 (m) § (n). . : .

' We eliminatew (m + 1, n) from (5) and (6) to get

(1/A%AA,) 82R (m, n)/dm dn4-(1/AL,) BR (m, n)/dn--
4+ (1/AAy) R (m, n)fom==A8 (m) § (n)/Ahy— . . 7
-—[A& (m)/A%A, 7»21 88 (n)/on. ' , '

. We make the change of variables R(m, n) = R' (m*, n") xexp (~m'~n') where m' = A\ym, n' =
AAzn, to reduce (7) to an equation of hyperbolic type in canonical form, whose solution takes
the form [ 3]

R (m, n)=A8(n) 6 (m)exp[—A (Ayn+A,m)] 4 .
4 AMAS0 (r) O (m) I, (20 YV Ashemn) V KymifAgn X - (8)
X exp [—A (Apn—+Aym)],

124

Declassified and Approved For Release 2013/09/14 . CIA-RDP10-02196R000300040002-6




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6

where 68 (m) and 6 (n) are Heaviside functions [ 3], while I, is a nodified Bessel function of
the first order and first kind [4]. The integral activity on the road after the passage of
m wheels should be A. 1In fact, S R(m, n)&n = A [4], where R(m, n) is derived from (8).
o ’ . ’
In practice, the situation can occur [5] where the contamination level of the wheels

on leaving the contaminated surface is constant: W(m, 0) = Ro = const; then (3) and (4)
can be written as

(Wt = - ®
i = A [MR (m, n)— AW (e +1, n)]+Ryb(n); ' (10)
| COR(m, n)om=» [A,W(m-+1, Vn)—-l,,,Rv(mv, n)}.
We solve (9) and (10) in the same way as for (5) and (6) [3] to ‘get.'
R(m, 1)=0(n) Ro (Aa/A1) exp [—A (Aym-Aon)] X ' _ 7 o
>; }] (A fhyn)hf® Ty (20 Aghgmn), _ SR ¢ ¥ §)

where Ik is a modified Bessel function of the first kind and of order k [4].

To analyze the results, we consider only the case of purely adhesion interaction, when

= X2 = 1; then according to (8) the change in road contamination level for 2\ Ymn> 1
(large values of the argument in the modified Bessel functions of the first kind) is de-
scribed by

R (m, n)=AM Vmjnexpl—2r Va— 1 m)2/2 V& . - (12)

The maximum in R(m, n) occurs at m = n:

R (m, n)=(A4/2) 1r/x/:|1_,n, (13)
The first term on the right in (8) defines the changing contamination level at the source.
Therefore, the radionuclide transport for 2:» yYmn» i resembles the motion along OX for a wave
packet decreasing in amplitude as ~1/y'» . The contamination level in the source follows
the law vexp(—m) (Fig. la). -Expression (11) for 2L ymr > 1isa strictly decreasing function
of n (Fig. 1b). :

These results pfovide an estimate of the transport of radioactive substances to com~
paratively large distances if the transport occurs within the framework of this model.
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DETERMINATION OF THE INDUSTRIAL CONTAMINATION OF SOIL WITH *®7Cs ON THE
GLOBAL BACKGROUND BY MEANS OF THE ANALYSIS OF THE DEPTH DISTRIBUTION OF ACTIVITY

A. N. Silant'ev, I. G. Shkuratova, ‘ UDC 631.42
and G. N. Neushkina ’

In (1], a method was considered for the determination of low-level industrially con-
taminated soil with *37Cs on the global background, based on a comparison of the parameters
of the spatial distribution of the global and total contamination. The industrial contam-
ination can be determined also by comparing the observed vertical distribution of the con-
tamination in the soil with the global distribution. The global fallout of radioactive nu-
clides on the surface of the earth has taken place since 1954 up to the present time, and
the maximum of this fallout was reached in 1962-1965. Industrial contamination of the
surface of the earth started from the instant of startup of factories or nuclear power
stations, but a high degree of contamination can be observed only in exceptional cases.
Usually, the fact of the discharge of radionuclides is known, and it is necessary to de-
termine the:degree of contamination of the soil due to this discharge, from the results of
measurements-in the territory not later than the lapse of a few months after discharge. 1In
this case, the contamination is found to be concentrated in the surface layer of the soil
and, as the corresponding measurements show, is located in the upper 5-mm layer of soil.
The investigations conducted of the vertical distribution of **7Cs allow a method to be
developed for the determination of the industrial contamination of soil by '®7’Cs on the
global contamination background [ 2].

In order to distinguish the industrial contamination on the global background, it is

. necessary to know the vertical distribution of the latter, which can be defined by the val-
ues of the migration parameters of the global '®7Cs in the soil. In order to distinguish
the global contamination from the total, it is necessary to establish the dependence of the
migration parameters of the global '®’Cs on the properties of the soil and their variation
with depth. For this purpose, the '®*’Cs content was measured layer by layer in different
soils. From the position of the maximum of the global '®’Cs concentration in the soil, the
rate of directional migration of this radionuclide in the soil was determined, and from the
solution of the diffusion équation {3], the variation of the coefficient of diffusion with
depth. Figure 1 shows the characteristic profile of the depth distribution of the global -
concentration of *®’Cs in the soil and the values of the quasidiffusion coefficient. The
investigations showed that in the majority of cases for virgin and aged soils, a constant
value of the quasidiffusion coefficients is characteristic in the upper layer of soil down
to a certain depth, after which its increase is observed. Therefore, as quantitative char-
acteristics of the migration of global *®7Cs in soil, the rate of directional migrationm,
the quasidiffusion coefficient in the upper layer of soil, and the depth from which its
increase commences can be used,

As a result of generalization of the measurements, the values obtained are grouped in
accordance with certain characteristics of the soil and are presented in Table 1. The
investigations were conducted in the central region of the European part of the Soviet
Union, where turf-podzolic and gray forest soils persist predominantly. It can be seen
from the data presented that the least constant value of the quasidiffusion coefficient
is observed only in the case of contamination of soil below wood, the litter of which in-
hibits the penetration of radionuclides into the depth of the soil. There is always a cer-
tain surface layer of soil within the limits of which the migration parameters are con-
stant. . This allows the industrial contamination of soil by **7Cs on the global background
to be determined. 1In fact, by determining the migration parameters with respect to the '*’Cs
distribution in the soil deeper than 5 mm, the values of the migration parameters can be
estimated which are characteristic for the upper 5 mm layer of soil and, knowing them, the
amount of global **7Cs located in this layer can be estimated.

Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 109-110, February, 1984. Orig-
inal article submitted August 8, 1983,
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Fig. 1. Vertical distribution of the global '®7Cs
concentration in soil (a) and the values of the quasi-
diffusion coefficient (b) corresponding to this dis-
tribution; @) values corresponding to global **7Cs;

x) total value of *®7’Cs with a 10% industrial contam-
ination of the global level; —) form of distribution
for global **7Cs; ---) form of distribution for the
total contamination in the surface layer of soil. .

TABLE 1. Migration Parameters of Global
'37Cs in Virgin and Aged Soils

=
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Orography Composition| State o! 20 A 5 3 8¢ ‘
of section | jreoi; | turf layer | g AR = ©E -
examined 8 S "E.E g 2
' 2.8 s = a 89|
SE | O% ©
On upland Sandy loam | Sod 0,1 Jo0.t5 3
P y Nosods | o,1 | 0,15 2
Loam - Same 0,1 | 0,4 6
Below mixed | Sandy loam | Same 0,05 | 0,1 1
wood loam Same 0,1 0,5 1
Below coni- | Sandy loam | sod 0,1 0,1 2.
ferous wood No sods 0,05 { 0.1 2
"In river water| Same Sod | 9.2 Jo,s 8
meadow Loam Same 0,2 0,3 5
On the slope |Sandy loam |Same 0,3 | 0.4 8
Loam Same 0.1 |o,2 T g

Numerous investigations were carried out of the vertical distribution of global '*’Cs
in the surface layer of soil, which showed that the accuracy used for the thickness of the
soil layer where the content of global '°’Cs is determined [4] is insufficient for disting-
uishing the low level of industrial contamination on the global background. -In order to in-
crease this accuracy, it was necessary to change from measurement of the linear dimensions
of the layer thickness to determination.of themass of unit surface area of the soil layer being
investigated. As we are interested in the vertical distribution of *®’Cs in soil, and not its
absolute value, there is no necessity to dry the samples being investigated (it is sufficient
that the whole monolith of the upper layer of soil investigated should have identical mois-
ture content). Knowing the specific activity of the soil and taking account of the change
of density with depth, we obtain the vertical distribution of '3®7Cs with. sufficient accur-
acy for determining the low level of contamination of the soil surface.

As an example, we shall consider the vertical distribution of global *®7Cs in soil
shown in Fig. 1. 1If, to the existing distribution in the -upper soil layer, is added *®’Cs
to an amount consisting of 10% of the presence of global *?’Cs in the soil, then the distri-
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bution shown in Fig. la by the dashed line is obtained. As this type of distribution can be
observed also for global '®7Cs, then it is difficult to judge from it the presence of addi-
tional contamination on the surface of the soil. However, the distribution of the quasi-
diffusion coefficient obtained, denoted in Fig. 1b also by the dashed line, allows one to
see how the value of the quasidiffusion coefficient is varying for the surface layer of the
soil. By estimating this value from the form of the curve characteristic for global *3*7Cs,
the additional quantity of '®’Cs deposited on the soil surface can be determined. According
to estimates carried out, this method allows the industrial contamination of soil to be de-
termined, amounting to a total of 10% of the global contamination.

Thus, the low level of industrial contamination of soil by '®’Cs can be determined on
the global background, based on knowledge of the relationship of the vertical distribution
of global *®’Cs in the soil and comparison of the observed vertical distribution with that
characteristic for global distribution.
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BEHAVIOR OF WATER-COOLED-WATER MODERATED FUEL ELEMENTS IN A HYPOTHETICAL
ACCIDENT WITH THE EJECTION OF CONTROL RODS

A. I. Mysenkov and V. N. Proselkov ' UDC 621.039.56:621.039.58

The growth of nuclear power leads to a ‘further increase of the power density of water-
cooled—water moderated (VVER) cores, and this imposes more rigid requirements on nuclear
power plant (NPP) safety and, in particular, demands increased reliability of fuel elements
(FE). 1In analyzing NPP safety, various classes of accidents and the behavior of the FE are
considered.

In the present article we consider the thermal behavior of a VVfR—lOOO FE during a hy-
pothetical accident with the ejection of the operative bank of control and safety rods (CSR)
at nominal power. In such an accident the fuel element cladding (FEC) may rupture as a result
of the liberation of an appreciable amount of energy in the fuel in a very short time (a frac-
tion of a second). Therefore, an estimate of the temperatures of the fuel and FEC, and the
changes in thermal and neutron power under abnormal conditions is of definite interest.

Fundamental Characteristics of NPP, Core, FEA and VVéR—lOOO FE. The basic fuel charac~
teristics were determined for an optimum fuel cycle, taking account of restrictions imposed
by the requirements of transportability of the reactor vessel, the maximum operating tempera-
ture of the zirconium alloy of the FEC (350°C), the coolant velocity, etc. [1]. We list below
the basic characteristics of the VVER=1000, its .FE, and fuel element assemblies (FEA) [2]:

Nominal thermal power, MW. . . . « v & « v o o 4 o o o o 3000
Nominal coolant .pressure at reactor outlet, MPa. . . . . . 15.7
Average coolant temperature in reactor (at outlet/

Inlet), °C & 4 4 vt i ettt e e e e e e e e e e e e 322/290
Flow rate of coolant through reactor, m*/h . « + « « « . . 80,000
Power density of core, kW/liter. . . . . ¢ ¢ ¢ ¢ ¢ o o o & 111

Maximum temperature of FEC on coolant side, °C . . . . . . 350

: Translated from Atomnaya ﬁnergiya, Vol. 56, No. 2, pp. 111-113, February, 1984. Orig-
- inal article submitted August 22, 1983.
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tor power during an accident with
the ejection of ‘a bank of CSR.

Linear power density of FE, W/cm:

average 6 6 8 4 & 4 s 8 s e s e 8 e e & e s . . h 166- 177
MAXImUM. o & 4 o ¢ o o o o o o 9 ¢ o o o o ¢ 490
Outside diameter of FE, mm . . . &« . o v o« & « & 9.1

Thickness of FEC, mm . . . « ¢« « « « &
Diametral clearance between fuel and :
cladding, mm . . . . ¢ + . o o 4 4 0 o0 o . 0,19-0.32
Diameter of axial opening, mm. . .« « « « « + + o . 1.4+1,6
Helium pressure under FEC in cold. - : , _
State, MPa . . 4 « 4 4 4 ¢ o o o s o o o o o o 1.96-2.45

+ 0.63-0.68
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Fig. 3. Shape of neutron flux (averaged over a FEA) at vafious times during
an accident with the ejection of a bank of CSR.

Thermal Behavior of aZVVéReIOOO FE in an Accident with the Ejection of an Operative
Bank of CSR. In the accident under consideration, the ejection of control rods in the
core introduces positive reactivity, which produces an increase in the neutron flux and a re-
distribution of power release over the core volume.

The reactor was assumed to be operating at 102% of nominal power shortly after the first
fuel loading, i.e., under thé worst condition from the point of view of thermal resistance
of the diametral clearance between fuel and cladding.
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To be conservative, it was assumed tlat the bank of CSR for suppressing xenon oscilla-
tions is in ‘the core, and the bank of CSR closest to the rods being ejected is stuck in the
extreme upper position during scram. During scram the CSR are inserted into the core from
their extreme positions in 3.6 sec. The delay time from the instant of initiation of the

. emergency signal to the instant of deenergizing of the CSR was taken equal to 0.5 sec. The

ejection of the operative bank of CSR occurs 0.101 sec from the start of the process being
modeled.

Figures 1+3 show the time dependence of 1) the maximum fuel temperature at the center
of a FE, the fuel temperature averaged over a cross section of a FE, and the temperature of
the outer surface of the FEC; 2) the neutron and thermal reactor power; 3) the shape of the
neutron distribution. These parameters were calculated with the MOST-10 program [3] designed
for treating the unsteady operation of NPP, usinga model of three-dimensional space—time ki-
netics.

The calculation shows that with the ejection of the operative bank of CSR there is a
brief (n0.02 sec) reactor excursion on prompt neutrons. The neutron power increases about
23 times in 0.25 sec; in 0.4 sec almost all the positive reactivity introduced is suppressed
by the Doppler effect; in 0.5 sec the fuel temperature reaches a maximum of 2613°C. In this
same time the temperatures of the outer and inner surfaces of the FEC reach their maximum val-
ues of 388 and 466°C, respectively. The thermal reactor power reaches a maximum, increased
by n70%. 1In the calculations the conductivity of the diametrical clearance between fuel and:
cladding was conservatively taken equal to 0.28 W/cm?:°C, which is smaller than the actual
values. During the accident the heat flux exceeds its critlcal value for a short time ¢
(nv1.5 sec).

The following conclusions can be drawn from an analysis of the assumed consequences of
an accident with the ejection of the operative bank of CSR from the core:

in the hypothetical accident considered, the maximum fuel temperature does not reach
the melting point of UO;;

the maximum (averaged over the cross section of a FE) enthalpy of the fuel does not ex-
ceed 583 kJ/kg (140 cal/g);

the maximum temperature of the FEC (388 C) does not exceed the temperature (600°C) at
which the zirconium alloy (Zr + 1% Nb) abruptly loses mechanical strength [1], and is ap-
preciably lower than the temperature (1200°C) {4] at which the steam—zirconium reaction is
intense.
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MEASUREMENT TECHNIQUES : SOVIET APPLIED MECHANICS
Izmeritel'nava Tekhnika Prikladnaya Mekhanika :
Vol. 27, 1984 (12issues) ............cooiieiininn $520 Vol. 20, 1984 (12isSU€S) ..\ ..ovvveerreneenannnn. $520

MECHANICS OF COMPOSITE MATERIALS  SOVIET ATOMIC ENERGY

. . . Atomnaya Energiya '
1{,{;’{‘."2"(;"";;5"('2’;;’;‘;23)".". Materialov §430. Vols. 56-57, 1984 (12issUes). .. ... ...evveinn... $560

' ' SOVIET JOURNAL OF GLASS PHYSICS
METAL SCIENCE AND HEAT TREATMENT AND CHEMISTRY

Metallovedenie i Termicheskaya Obrabotka Metallov i
. Fizika i Khimiya Stekla .
Vol. 26, 1984 (12issues) ........c.ccoevennn....z. $540 Vol: 10, 1984 (6 0SSUES) « .+ oo ovoeoneeeen o $235

METALLURGIST SOVIET JOURNAL OF

Metallurg T
Vol. 28, 1984 (12iSSU€S) .. ...oovveiinnnrennnannnn $555 ggg,gf;};}uam ESTING

Vol. 20, 1984 (12 issues) .. . . L e, $615

PROBLEMS OF INFORMATION TRANSMISSION :
Problemy Peredachi Informatsii SOVIET MATERIALS SCIENCE

Fiziko-khimicheskaya Mekhanika Materialov
Vol. 20, 1984 (4issues) .....o.oveiiiniiininn 34200 V01,20, 1984 (61SSUES) - -+ -+ - vrrerererenr. $445

PROGRAMMING AND COMPUTER SOFTWARE SOVIET MICROELECTRONICS

Programmirovanie Mikroélektronika . \
Vol.'10, 1984 (6issues) ............cc.ouiuininnnn $175 Vol 13,1984 (6iSSUES) « . v vvvevrnernrrrnernnnns $255

PROTECTION OF METALS o SOVIET MINING SCIENCE
Zashchita Metallov : Fiziko-tekhnicheskie Problemy Razrabotki

Vol. 20, 1984 (6iSSUES) © ... ovvvvnrnrnenrnninnns. $480 Poleznykh Iskopaemykh
" Vol.20, 1984 (6iSSUES) . ...ttt

. -RADIOPHYSICS AND QUANTUM ELECTRONICS SOVIET PHYSICS JOURNAL

Izvestiya Vysshikh Uchebnykh Zavedenii, Radiofizika Izvestiya Vysshikh Uchebnykh Zavedenii, Fizika
Vol. 27,1984 (12issues) ................. P 3520 vol. 27, 1984 (12 issues)

SOVIET POWDER METALLURGY AND

Ogneupory ) ) . METAL CERAMICS

Vol. 25, 1984 (12issues) . .....oovvivnnnnnennnn. . $480 Poroshkovaya Metallurgiya _
" Vol. 23,1984 (12issu€s) .....ovvvvunns e 3555

REFRACTORIES

SIBERIAN MATHEMATICAL JOURNAL
Sibirskii Matematicheskii Zhurnal STRENGTH OF MATERIALS

. Problemy Prochnosti
Vol. 25, 1984 (6 issues) ..........0coeniinnnnn $625 VoL, 16. 1988 (12ISSUES) +v v v vvevvnenosnonnn. $625

SOIL MECHANICS AND — THEORETICAL AND MATHEMATICAL PHYSICS

FOUNDATION ENGINEERING Teoretichesk. M.
Osnovaniya, Fundamenty i Mekhanika Gruntoy V%olmsg (ff %%; (15’,2'5"&'3"”"“ yaFm ka ........... $500
Vol. 21, 1984 (6issues) .......... rereetireeannas $500

UKRAINIAN MATHEMATICAL JOURNAL
is(t)t%nAolr‘n :&EE%‘EE SEARCH ( . Ukrainskii Matematicheskii Zhurnal

Vol. 18, 1984 (6 iSSUCS) ’ $365 Vol. 36, 1984 ® iSS“eS) .......................... $500

..........................

Send for Your Free Examination Copy

Plenum Publishing Corporation, 233 Spring St., New York, N.Y. 10013
In United Kingdom: 88/90 Middlesex St., London E1 7TEZ, England

Prices slightly higher outside the U.S. Prices subject to change wnhoul notice,

Declassified and Apprdved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040002-6

RUSSIAN JOURNALS IN THE PHYSICAL
~AND MATHEMATICAL SCIENCES

AVAILABLE IN ENGLISH TRANSLATION

\

ALGEBRA AND LOGIC , ‘ HYDROTECHNICAL CONSTRUCTION
Algebra i Logika . . Gidrotekhnicheskoe Stroitel’stvo
Vol. 23, 1984 (6issues) .................. e $360 Vol. 18, 1984 (12 issues) ... .. e $385

ASTROPHYSICS ) INDUSTRIAL LABORATORY
Astrofizika ‘ ‘ Zavodskaya Laboratoriva =
Vol. 20, 1984 (4issues) ............ e $420 Vol. 50, 1984 (121issues) ............ e ..... 3520

AUTOMATION AND REMOTE CONTROL '~ INSTRUMENTS AND

Avtomatika i Telemekhanika EXPERIMENTAL TECI'INIQUES
YOl. 45, 1984 (241iSSU€S) ... .. oo it i $625. Pribory i Tekhnika fkspen’mema

VOl 27, 1984 (12iSSU€S) - . voevs e, .. $590
COMBUSTION, EXPLOSION, AND SHOCK WAVES N ‘
Fizika Goreniya i Vzryva ' JOURNAL OF APPLIED MECHANICS
" Vol. 20, 1984 (6issues) ............. e $445 .AND TECHNICAL PHYSICS
' Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fzzth
COSMlé RESEARCH > . Vol. 25 1984 (6 ISSUCS) ........................... $540
Kosmicheskie Issledovaniya .
. Vol. ISSUES) . .. v veetereaiaenen e $545 JOURNAL OF APPLIED SPECTROSCOPY
Vol 2_2’ 1984 (6 issues) Zhurnal Prikladnoi Spektroskopii
- Vols. 40-41 1984 (12issues) . .....................
CYBERNETICS ‘ (12 issues) $540
Kibernetika
1 (R JOURNAL OF ENGINEERING PHYSICS
Vol.. 20, 1984 (6iSSUES). .ot veiin it $445 Inzhenerno fizicheskii Zhurnal ‘

: Vols. 46-47, 1984 (12issues) . .......c.oovvvvva.... 3540
'DIFFER.ENTIAL EQUATIONS _ .
Differentsial'nye Uravneniya 5505 JOURNAL OF SOVIET LASER RESEARCH
Vol. 20, 1984 (!2 issues) ....... et A ) A translation of articles based on the best Soviet research in the
_ : ' field of lasers
‘DOKLADY BIOPHYSICS L, VOL 5, 1984 (6SSUES) ... e vt $180
Doklady Akademii Nauk SSSR ' : : _ 4 .

Vols. 274-279, 1984 (2 1ssues) ..... e ... 3145 JOURNAL OF SOVIET MATHEMATICS
_ ' A translation of Itogi Nauki i Tekhniki and Zapiski
] ’ Nauchnykh Seminarov Lemngradskogo Ordeleniya

: FLUI.D DkY?AM;,CSk S SS R Matematicheskogo Instituta im. V. A. Steklova AN SSSR

Izvestiya Akademii Nau ' . Vols. 24-27, 1984 (24 issues). ... ................ - $1035

Mekhanika Zhidkosti i Gaza
Vol. 19, 1984 (6issues) . ...........ooevalodun.n. $500
. LITHOLOGY AN D MINERAL RESOURCES

Litologiya i Poleznye Iskopaemye .
wggg%ﬁ%gg“s“ AND o VOL. 10, 1984 (61SSUES) - -+ -+ v v e e eeeaneanns $540

1 myi:Analiz i Ego Prilozheni v .
B (4 ey oo riomhenye $410 LITHUANIAN MATHEMATICAL JOURNAL

- Litovskii Matematicheskii Sbornik

- Vol. 24, 1984 (4issues) ...........oonvens e . $255.
GLASS AND CERAMICS o :
Steklo i Keramika o o
Vol. 41, 1984 (6iSSUES) . ... vveveenennennnnn. ...$590 MAGNETOHYDRODYNAMICS

' Magnitnaya Gidrodinamika
. Vol. 20, 1984 (dissues) ............ e $415

HIGH TEMPERATURE : ’ : .
Teplofizika Vysokikh Temperatur ) M ATHEMATICAL NOTES

Vol. 22, 1984 (6 issues) R RRRCAREEEEECERRLES $520 Matematicheskie Zametki

Vols. 35-36, 1984 (12issues)..........ccovunnenn.

continued on inside back cover
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